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Abstract: HIF-1 serves as an important regulator in cell response to hypoxia. Due to its key
role in promoting tumor survival and progression under hypoxia, HIF-1 has become a promising
target of cancer therapy. Thus far, several HIF-1 inhibitors have been identified, most of which
are from synthesized chemical compounds. Here, we report that ALM (ActinoLactoMycin),
a compound extracted from metabolites of Streptomyces flavoretus, exhibits inhibitory effect on HIF-1α.
Mechanistically, we found that ALM inhibited the translation of HIF-1α protein by suppressing
mTOR signaling activity. Treatment with ALM induced cell apoptosis and growth inhibition of
cancer cells both in vitro and in vivo in a HIF-1 dependent manner. More interestingly, low dose of
ALM treatment enhanced the anti-tumor effect of Everolimus, an inhibitor of mTOR, suggesting its
potential use in combination therapy of tumors, especially solid tumor patients. Thus, we identified
a novel HIF-1α inhibitor from the metabolites of Streptomyces flavoretus, which shows promising
anti-cancer potential.
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1. Introduction

Hypoxia is one of the most important characteristics of solid tumor microenvironment as a result
of cancer cells’ malignant proliferation and lacking of blood supply caused by abnormal structure of
vessels in tumor [1,2]. Tumor cells suffer from the lack of O2, nutritional deficiencies and low pH under
hypoxia, while hypoxia-inducible factor 1 (HIF-1) serves as the major player in cell survival in that
case [3,4]. As a transcription factor, HIF-1 regulates hundreds of genes involved in invasion/metastasis,
vascularization, genetic instability and treatment failure, making it critical in cancer pathogenesis [5–8].
Recent studies also revealed that activation of HIF-1 pathway reprogrammed cancer metabolisms
including glycolysis, amino acid and lipid metabolism [9–14]. Clinical results showed that HIF-1 is
overexpressed in most solid tumors and positively correlated with poor prognosis in cancer patients.
Therefore, targeting HIF-1 became a promising strategy to treat cancer [15–19].

HIF-1 is a heterodimer composed of O2-dependent HIF-1α and constitutively expressed
HIF-1β [20,21]. Via proline hydroxylase domain protein 2 (PHD2), O2 hydroxylates 402 and 564
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proline residues in HIF-1α oxygen-dependent degradation (ODD) domain required for proteasomal
degradation, leading to low expression of HIF-1α protein and suppression of HIF-1 pathway activity
under normoxic condition [22,23]. In addition to O2, HIF-1α is also regulated by upstream signaling
pathways, which include the mTOR-p70-RPS6 axis. Mammalian target of rapamycin (mTOR) is a highly
conserved serine-threonine protein kinase that regulates ribosomal biogenesis and protein synthesis
by phosphorylating P70 ribosomal protein S6 kinase 1 (P70-S6K1) and the eukaryotic initiation factor
4E (eIF-4E)-binding proteins (4E-BPs) [24,25]. Activation of P70-S6K1 leads to increased activity of
ribosomal protein S6 (RPS6), which induces translation of HIF-1α mRNA into protein, thus serving as
the major determinant of the rate of HIF-1α protein synthesis in many cancers [26].

A growing number of anticancer agents have been shown to inhibit HIF-1 pathway, the mechanism of
which includes reduction in HIF-1αmRNA or protein levels, activity of binding to DNA, or HIF-1-mediated
transactivation of downstream genes [27]. However, most of these HIF-1 inhibitors were originally
approved for targeting other molecules, while their inhibitory effect on HIF-1was recognized through
empirical testing later. For this reason, there are no specific HIF-1 inhibitors currently, and developing
novel anticancer drugs specifically targeting HIF-1 becomes urgently important.

In our study, we aimed at finding novel HIF-1 inhibitors with inhibitory effects on cancer
cell growth and revealing their mechanisms of action. Based on dual luciferase assay, we
identified ActinoLactoMycin (ALM) as a HIF-1 inhibitor, which suppressed cancer cell growth
in a hypoxia-dependent manner. Our results further demonstrated that ALM blocked HIF-1α protein
synthesis via inhibiting Akt and mTOR signaling. Both pretreatment and delayed treatment of ALM
caused growth inhibition of xenograft model in mice.

2. Material and Methods

2.1. Cell Culture, Cell Proliferation, Apoptosis Assay and Hypoxia Condition

Hep3B cells and PC3 cells were cultured in DMEM and 1640 medium, respectively. The medium
was supplemented with 1% penicillin/streptomycin and 10% fetal bovine serum (FBS). For the cell
proliferation assay, 5 or 10× 104 cells were seeded in 12-well plates and counted daily for 4 days. For the
apoptosis assay, cells were cultured in indicated conditions, followed by harvesting and Annexin V/PI
staining according to standard protocol. Flow-cytometer was used to determine apoptosis population
(the first quadrant plus the fourth quadrant). Hypoxia condition was achieved by placing cells in a
hypoxic working station (Whitley H35 Hypoxystation, Don Whitley Scientific/DWS), which contains
1% O2, 5% CO2, and 94% N2. The temperature is 37 ◦C.

2.2. Luciferase Assay

p2.1 (in which a hypoxia response element (HRE) from ENO1 gene was inserted upstream of firefly
luciferase coding sequence and led to hypoxia-dependent firefly luciferase expression) and pSV-Renilla
co-transfected Hep3B cells were seeded in 96-well plates at 1 × 104 cells/well. The following day, the cells
were treated with vehicle or ALM at different doses for 24 h. The ratio of firefly/Renilla luciferase was
determined by using the Dual Luciferase Assay System (Promega Corp., Madison, WI, USA

2.3. Western Blot and Immunoprecipitation

For Western blot, proteins were extracted from cells/tumor samples by using RIPA buffer (50 mM
Tris-Cl (pH 8.0), 150 mM NaCl, 5mM EDTA, 1% NP-40, 0.1% SDS). Aliquots of protein samples
(100µg) were resolved by SDS–gel electrophoresis and transferred into nitrocellulose membranes.
The membranes were blocked in TBST (10x TBST: 24.2g Tris, 80g NaCl, Tween-20 to 1%, pH to 7.6 and QS
to 4L) with 5% milk for 1 h, and then incubated with HIF-1α (BD Biosciences 610959, San Jose, CA, USA),
β-actin (Abmart P30002M, Shanghai, China), caspase-3 (Novus Biologicals NB500-210, Briarwood
Avenue, CO, USA), RPS6, p-RPS6 (R&D Systems AF3918, Minneapolis, MN, USA), p70, p-p70, mTOR,
p-mTOR (2448), p-mTOR (2481), 4E-BP1, p-4E-BP1, Akt and p-Akt (ser473) (Cell Signaling Technology
#9202, #9204, #2972, #5536, #2974, #9644, #9451, #4685, and #4060, Danvers, MA, USA). After being
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washed with TBST for three times, the membranes were incubated with their secondary antibodies.
The proteins were visualized with an enhanced chemiluminescence detection reagent.

For immunoprecipitation, Hep3B cell lysate was incubated with 1:10,000 HIF-1α antibody and
40 µL protein A agarose beads for 2 h. The beads were spined down and heated to 100 ◦C in loading
buffer to dissociate HIF-1α.

2.4. Pulse-Labeling

Hep3B cells were treated with vehicle (Vhc), 25 nM rapamycin (Rapa), 20 µg/mL cycloheximide
(Chx), or 200 nM ALM for 4 h and pulse-labeled by [35S] methionine/cysteine for 1 h followed by
cell lysis. Aliquots of the cell lysates were afterwards used for autoradiography, Western blot or
immunoprecipitation (IP).

2.5. Real Time-PCR

Total RNA was extracted from cells/tumor samples by using TRIzol (Life Technologies Corp.,
Carlsbad, CA, USA). 1 µg of total RNA was treated with DNase, followed by reverse transcription.
Real-time PCR was performed by using IQ SYBR Green Supermix and the iCycler Real-Time PCR
Detection System (BioRad, Hercules, CA, USA). Expression of HIF-1α, HK1 and Bnip3 relative to 18s
was calculated based on the threshold, primer sequences are listed in Table S1.

2.6. Animal Experiment

BALB/C Nude male mice used in this study were performed according to protocols approved by
the University of Science and Technology of China (U.S.T.C) Animal Ethics Committee (ethic approval
number: USTCACUC1701025). Mice are from Hunan SJA Laboratory Animal Co. Ltd. (Shanghai, China).

PC3 cells were harvested and re-suspended at 2 × 107/mL in a 50:50 mix of PBS: Matrigel (BD
Biosciences). 2 × 106 cells were injected into mice subcutaneous tissue on the flank. Tumor volume
was calculated as 0.52 × length × width × depth. Vehicle used in animal experiment: 78% saline + 20%
corn oil + 1% ethanol + 1% tween-20 (ethanol and tween-20 act as emulsifier). A tumor sample was
harvested and divided to two parts for RT-PCR and Western blot.

2.7. Statistical Analysis

The data were presented as the mean ± SD or mean ± SEM as indicated. All data are from three
independent experiments. Student’s t-test was used to calculate P values. Statistical significance is
displayed by * (P < 0.05) unless otherwise noted.

3. Results

3.1. ALM Inhibits HIF-1α Transactivity and Protein Expression

To identify new HIF-1α inhibitors, hepatocellular carcinoma cells (Hep3B) were stably transfected
with p2.1, in which a hypoxia response element (HRE) from ENO1 gene was inserted upstream of firefly
luciferase coding sequence and led to hypoxia-dependent firefly luciferase expression, and pSV-Renilla,
in which renilla luciferase is consistently expressed. By doing luciferase assay using this established
stable cell line, we found that ALM, a kind of 2-oxonanonoidal antibiotic produced during fermentation
of the actinomycete strain Streptomyces flavoretus isolated from a soil sample from Chinese Yunnan
Province, dose-dependently inhibits firefly luciferase expression under hypoxic condition (Figure 1A).
To confirm the inhibitory effect of ALM on HIF-1 transcriptional activity, we investigated the effect
of ALM on the expression of mRNAs of HIF-1 target genes, such as Bnip3 and HK1 [13,19]. Hep3B
and PC3 cells were cultured and treated with different doses of ALM for 24 h under both normoxia
and hypoxia, followed by a total RNA isolation and quantitative real-time reverse transcription-PCR
(qRT-PCR) analysis. The levels of mRNAs encoding Bnip3 and HK1 decreased dose-dependently in
ALM-treated cells, under both normoxia and hypoxia in Hep3B and PC3 cells (Figure 1B,C).
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Figure 1. ALM inhibits HIF-1α transactivity and protein expression. (A) Hep3B cells stably expressing
P2.1 and pSV-Renilla were exposed to normoxic or hypoxic culture conditions and the effect of ALM
on the ratio of firefly/Renilla luciferase activity in hypoxic cells was determined; mean ± SD (n = 3)
are shown. (B) Hep3B cells were exposed to vehicle (DMSO) or the indicated concentration of ALM
for 24 h under normoxic or hypoxic conditions and total RNA was subjected to RT-PCR assays for
HIF-1 target genes Bnip3 and HK1. For each mRNA in each experiment, expression was normalized
to the levels in vehicle-treated cells at 20% O2. The bars show mean ± SD (n = 3 each). (C) PC3 cells
were exposed to vehicle or the indicated concentration of ALM for 24 h under normoxic or hypoxic
conditions and total RNA was subjected to RT-PCR assays for HIF-1 target genes Bnip3 and HK1. For
each mRNA in each experiment, expression was normalized to the levels in vehicle-treated cells at
20% O2. The bars show mean ± SD (n = 3 each). (D) Hep3B and PC3 cells were exposed to vehicle or
the indicated concentration of ALM for 24 h under normoxic (20% O2) or hypoxic (1% O2) conditions
and cell lysates were subjected to Western blot for HIF-1α and β-actin. (E) PC3 cells were exposed to
100 nM of ALM for the indicated time under normoxic or hypoxic conditions and Western blot was
performed, * P < 0.05 as compared with 20% O2, 0 µm ALM group; # P < 0.05 as compared with 1% O2,
0 µm ALM group.
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Western blot results revealed that ALM efficiently down-regulates HIF-1α protein expression in
Hep3B cells under hypoxic condition in a dose-dependent manner (Figure 1D, upper panel). In human
prostate cancer PC3 cells, which have a detectable HIF-1α protein basal level under normoxia (20%
O2), ALM dose-dependently reduced HIF-1α protein expression under both normoxic and hypoxic
conditions (Figure 1D, lower panel). A time course treatment was also conducted. In the presence of
100 nM of ALM, the expression of HIF-1α in PC3, under both normoxia and hypoxia, was completely
wiped out after 4 h of drug treatment (Figure 1E). Collectively, these data demonstrated that ALM is a
potential HIF-1α inhibitor.

3.2. ALM Inhibits HIF-1α Translation by Down-Regulating AKT and mTOR Activity

To investigate the underlying mechanism of ALM inhibition on HIF-1α protein expression, we first
checked the effect of ALM on HIF-1α mRNA expression. QRT-PCR revealed that the level of mRNA
encoding HIF-1α was not affected by ALM treatment in either Hep3B or PC3 cells, indicating that ALM
does not affect transcription of HIF-1αmRNA (Figure S1A). Besides hypoxia, HIF-1α can also be induced
by the treatment of cobalt chloride (CoCl2), desferrioxamine (DFX), or dimethyloxalylglycine (DMOG),
each of which is an inhibitor of prolyl hydroxylases (PHDs) that target HIF-1α for VHL-dependent
ubiquitination and proteasomal degradation. HIF-1α induced by each of these agents was also
blocked by treatment of ALM in both Hep3B and PC3 cells (Figure 2A, upper panel and middle panel).
Furthermore, in the presence of MG132, a proteasome inhibitor, ALM still inhibits HIF-1α protein in
both Hep3B and PC3 cells (Figure 2A, upper panel and lower panel), indicating that ALM does not
inhibit HIF-1α by promoting its PHD-VHL dependent proteasomal degradation.

Since ALM does not inhibit HIF-1αmRNA expression and not promote HIF-1αprotein degradation,
we hypothesize that ALM might inhibit the translation of HIF-1α mRNA into protein. We pulse-labeled
Hep3B cells with [35S]-methionine/cysteine, to see if ALM inhibits HIF-1α protein translation in the
presence of cycloheximide, a global protein synthesis inhibitor; or rapamycin, an mTOR inhibitor, which
also inhibits HIF-1α translation; or 200 nM of ALM. HIF-1α protein was immunoprecipitated from
the whole cell lysate and further analyzed by SDS-PAGE followed by autoradiography. Interestingly,
similar to rapamycin, ALM efficiently inhibited the synthesis of HIF-1α protein, while the whole
protein synthesis was not greatly affected (Figure 2B). As a wide broad protein synthesis inhibitor,
cycloheximide thoroughly inhibited whole protein synthesis as well as HIF-1. The results suggested
that ALM blocked HIF-1α protein translation.

mTOR is one of the HIF-1α protein translation regulators [26]. The phosphorylation of mTOR
is regulated by multiple pathways, among which the PI3K pathway is the most important and
frequently studied. mTOR has two primary phosphorylation sites, Akt-regulated Ser2448 and
auto-phosphorylation site of Ser2481 [28]. Upon phosphorylation, mTOR activates downstream
P70-S6K1, RPS6 and blocks 4E-BP1. In order to investigate the role of mTOR pathway in the inhibitory
effect of ALM on HIF-1α, Hep3B cells were treated with vehicle or ALM at different concentrations for
24 h. Western blot results showed that ALM significantly reduced p-Akt at Ser473 (Figure 2C; Figure
S2A). The phosphorylation of mTOR at Ser2448 was also inhibited, while the auto-phosphorylation site
of Ser2481 was not changed (Figure 2C), indicating that ALM suppressed mTOR activity via inhibiting
Akt. As for the downstream of mTOR pathway, the phosphorylation of P70, 4E-BP1 and RPS6 were all
dramatically inhibited by ALM, without affecting their total protein levels in PC3 as well as Hep3B
cells (Figure 2C–E; Figure S2A–C), suggesting that ALM inhibits HIF-1αprotein translation via the
mTOR pathway. As expected, the mTOR inhibitor, rapamycin, significantly reduced p-RPS6 and
HIF-1α protein (Figure S2C).
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Figure 2. ALM inhibits HIF-1α translation by down-regulating mTOR pathway. (A) Hep3B and PC3
cells were exposed to vehicle or the hypoxia mimics dimethyloxalylglycine (DMOG), cobalt chloride
(CoCl2), desferrioxamine (DFX) or MG132 in the presence of ALM at indicated concentrations or vehicle
for 24 h and whole cell lysates were subjected to Western blot. (B) Hep3B cells were pretreated for
4 h with vehicle (Vhc), 25 nM rapamycin (Rapa), 20 µg/mL cycloheximide (Chx), or 200 nM ALM,
[35S] methionine/cysteine was added for 1 h followed by cell lysis, HIF-1α immunoprecipitation (IP),
SDS/PAGE, and autoradiography. (C–E) PC3 cells were cultured at 20% or 1% O2 for 24 h in the presence
of ALM (at the indicated concentrations) and whole cell lysates were subjected to for: (C) p-P70, p-Akt,
p-mTOR (2448/2481), mTOR, (D) p-4E-BP1, (E) p-RPS6, HIF-1α, or β-actin.

3.3. ALM Induced HIF-1α-Dependent Growth Inhibition and Apoptosis in PC3 Cells

Since HIF-1 plays very important roles in cell growth, proliferation, survival, apoptosis and
autophagy in cancer cells, we then studied whether ALM, a potent inhibitor of HIF-1 pathway, affects
cancer cell proliferation and apoptosis. PC3 cells were treated with vehicle or 0.1 µM of ALM under
both normoxic and hypoxic conditions. Cell growth analysis showed that ALM markedly inhibited PC3
cell growth under hypoxia (Figure 3A), which is consistent with the high expression of HIF-1αprotein
under hypoxic condition. We also collected PC3 cell samples for Western blot to detect caspase 3,
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a 34 kD proenzyme, which is cleaved and activated (17 kD) during apoptosis. As a result, caspase 3 was
gradually cleaved in PC3 cells treated with 0.1 µM ALM (Figure 3B). Flow cytometry analysis revealed
that ALM significantly induced apoptosis in PC3 cells especially under hypoxia in a time-dependent
manner (Figure 3C,D; Figure S3A).
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 Figure 3. ALM induces HIF-1α-dependent apoptosis in PC3 cells. (A) Cell growth curve of PC3
cells exposed to vehicle or 30 nM ALM for 3 days under normoxia and hypoxia. (B) PC3 cells were
treated with ALM for 24 h and 48 h at 0.1 µM under normoxia and hypoxia, followed by Western
blot for caspase-3. (C,D) PC3 cells were treated with ALM for 24 h, 48 h, 72 h at 0.1 µM and 1 µM
under normoxia and hypoxia, followed by staining with FITC-conjugated Annexin V and PI for flow
cytometric analysis. Representative result of 48 h was presented as Figure 3C (C). The flow cytometry
profile represents Annexin V-FITC staining in X axis and PI in Y axis. The number represents the
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percentages of cells to each of the four quadrants (viable cells in the third quadrant, necrotic or dead cells
in the second quadrant, early apoptotic cells in the fourth quadrant and late apoptotic cells in the first
quadrant). Then, apoptosis population was quantified (D). (E) PC cells were infected with lentivirus
expressing WT-HIF-1α, DM-HIF-1α (doble mutant, P402A/P564A), and cell lysates were subjected to
Western blot for HIF-1α and β-actin. (F) PC3 cells stably expressioning EV, WT-HIF-1α, DM-HIF-1α
were treated with 0.1 µM ALM for 48 h, followed by staining with FITC-conjugated Annexin V and PI
for flow cytometric analysis. The bars show mean ± SD (n = 3 each). (G) The apoptosis population was
calculated based on the flow cytometric analysis of Figure 3F; * P < 0.05 as compared with EV, 0 µm
ALM group; # P < 0.05 as compared with EV, 0.1 µm ALM group.

To determine if HIF-1α is involved in ALM-suppressed cell proliferation, PC3 cells were stably
overexpressing EV, HIF-1α wild type or its P402A/P564A mutants (P402 and p564 are two hydroxylation
sites in the oxygen-dependent degradation domain) (Figure 3E). Flow cytometry data showed that in
these stable PC3 cell lines with high HIF-1α expression, ALM induced less apoptosis as compared
with the empty vector (EV) control group (Figure 3F,G), suggesting that HIF-1α is important for the
suppressive effect of ALM in cancer cells. Taken together, these data documented that ALM induced
HIF-1α dependent cell apoptosis to suppress cancer cell growth.

3.4. ALM Treatment Inhibited PC3 Xenograft Growth

To figure out the effect of ALM on tumor cell growth in vivo, we first used a tumor prevention
model. PC3 cells were subcutaneously (s.c.) injected into BALB/c nude mice, which were treated with
vehicle or ALM (10 mg/kg body weight) by daily intraperitoneal (i.p.) injection starting from 7 days
before tumor inoculation. As a result, ALM significantly inhibited PC3 xenograft growth, with no
evident effect on mouse body weight (Figure 4A,B; Figure S4A). Western blot analysis using the tumor
tissue lysates also confirmed that HIF-1α protein was suppressed by ALM treatment in the tumors
(Figure 4C), which is consistent with the in vitro data.

In another independent mouse xenograft experiment, PC3 cells were subcutaneously (s.c.) injected
into BALB/c nude mice. 8 days after tumor inoculation, when the tumor volume reached about 200 mm3,
mice started to be treated with vehicle or ALM (10 mg/kg body weight). In this setting, ALM markedly
arrested tumor growth, while the mouse body weight was not affected (Figure 4D–E; Figure S4B).
Western blot analysis using the lysates from these tumor tissues also showed that suppressed HIF-1α
protein by ALM treatment (Figure 4F), confirming that ALM blocked tumor growth by suppressing
HIF-1α protein.

3.5. Low Dose of ALM Enhances the Inhibitory Effect of mTOR Inhibitors on Cell Growth

Dysregulation of mTOR pathway was observed in multiple tumors, as mTOR regulates translation,
protein stability, cell cycle and survival. Since targeting mTOR was demonstrated as a promising
strategy against cancer, several mTOR inhibitors (Temsirolimus, Everolimus, etc.) were approved for
treatment of multiple cancers, including advanced breast cancer, pancreatic neuroendocrine tumors,
advanced renal cell carcinoma and subependymal giant cell astrocytoma [29–34]. To determine whether
ALM, a novel compound down-regulates AKT and mTOR activity, can improve anti-cancer efficiency
of mTOR inhibitors, we performed experiment to evaluate the effect of ALM in the combination
therapy with rapamycin (the classic mTOR inhibitor) or Everolimus. Cell proliferation assay showed
that low dose Everolimus (10 nM) or rapamycin (30 nM), marginally inhibited cell growth, but low
dose of ALM (30 nM) significantly potentiated the inhibitory effect of 10 nM Everolimus or 30 nM
rapamycin on cell growth in both PC3 and Hep3B cells, suggesting the very potent inhibitory effect
of ALM on cancer cell growth in combination therapy (Figure 5A; Figure S5A). More interestingly,
PC3 tumor xenograft experiment showed that low dose of ALM (3 mg/kg) significantly enhanced the
tumor inhibitory effect of Everolimus at low dose (3 mg/kg) (Figure 5B–C). It should be noted that
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combination of ALM treatment with Everolimus showed no adverse effect on mouse body weight
(Figure S6). Consistent with the tumor growth data, Western blot analysis demonstrated that HIF-1α
protein was reduced in xenografts treated by ALM combined with Everolimus (Figure 5D). Taken
together, these data documented that ALM enhances the anti-tumor effect of mTOR inhibitors both
in vitro and in vivo, suggesting its therapeutic potential in combination therapy.Cells 2019, 8, x 10 of 14 
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promising strategy against cancer, several mTOR inhibitors (Temsirolimus, Everolimus, etc.) were 

approved for treatment of multiple cancers, including advanced breast cancer, pancreatic 

neuroendocrine tumors, advanced renal cell carcinoma and subependymal giant cell astrocytoma 

[29–34]. To determine whether ALM, a novel compound down-regulates AKT and mTOR activity, 

can improve anti-cancer efficiency of mTOR inhibitors, we performed experiment to evaluate the 

Figure 4. ALM treatment inhibited PC3 xenograft growth. (A,D) BALB/C Nude male mice were
implanted with PC3 cells in subcutaneous tissue on the flank. Mice were treated with daily i.p injection
of ALM (10mg/kg body weight, n = 5)/vehicle (n = 6) starting from 7 days before tumor cell implantation.
Tumor volume was determined from day 8 to day 32 (A). PC3 cells were subcutaneously (s.c.) injected
into BALB/c nude mice. 8 days after tumor inoculation, when the tumor volume reached about 200 mm3,
mice started to be treated with vehicle (n = 7) or ALM (10 mg/kg body weight, n = 6). Tumor volume
was determined from day 8 to day 32 (D). mean ± s.e.m. are shown; P < 0.0001 vs. vehicle (Student’s
t-test). (B,E) Tumors were harvested and weighted after sacrificing mice (mean ± s.e.m.; P value is
determined by Student’s t-test). (C,F) HIF-1α and protein level was detected in tumor samples; * P <

0.05 compared between the indicated groups.
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Figure 5. Low dose of ALM enhances the inhibitory effect of mTOR inhibitors on cell growth. (A) Cell
growth curves of PC3 and Hep3B cells treated with indicated dose of vehicle, ALM, Everolimus,
or combination of ALM with Everolimus. (B) BALB/C Nude male mice were implanted with PC3 cells
subcutaneously on the flank. Mice received daily i.p injection of indicated dosage of Vehicle, ALM,
Everolimus or combination of ALM with Everolimus. Tumor volume was determined from day 6 to
day 24 (mean ± s.e.m., P < 0.0001 by Student’s t-test). (C,D) Tumors were collected and weighted after
sacrificing mice (C), followed by Western blot to detect HIF-1α protein level in representative tumor
samples of each group (D). (E) Working model shows that ALM, produced by Streptomyces flavoretus,
inhibits HIF-1α protein synthesis by down-regulating mTOR signaling cascade. Furthermore, ALM
enhances the anti-tumor effect of mTOR inhibitor Everolimus, suggesting its therapeutic potential in
the combination therapy for cancer patients, In addition, * P < 0.05 compared between the indicated
groups, while • indicated Vehicle group, � indicated 3 mg/kg ALM group, N indicated 3 mg/kg Ever
group, H indicated 10 mg/kg Ever group, and � indicated 3 mg/kg ALM+3 mg/kg Ever group.
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4. Discussion

There has been an intense interest in developing novel therapeutic strategies to target HIF-1α in
cancer therapy for the following reasons: (1) HIF-1α expression has been found high in the majority of
tumors, especially solid tumor, because of hypoxia, (2) HIF-1 is a master regulator for many aspects
in cancer biology, and (3) inhibition of HIF-1α may exploit tumor hypoxia by converting it from a
treatment obstacle into a targeting advantage. In this study, we identified one effective HIF-1 inhibitor
named ALM. Using Western blot, qRT-PCR, and pulse labeling experiments, we made it clear that
ALM inhibits HIF-1α translation (Figure 2). We also confirmed that ALM induces tumor cell apoptosis
in vitro and inhibiting tumor xenograft in vivo, by inhibiting HIF-1α (Figures 3 and 4). Mechanistically,
we found that ALM inhibits HIF-1α by suppressing mTOR pathway. These findings revealed a novel
HIF-1α inhibitor and a potential anti-tumor agent and also indicated the importance and significance
of screening new HIF inhibitors from natural compounds. What’s more, combination therapy with
ALM significantly enhanced mTOR inhibitors’ effect on tumor suppression. ALM also inhibits HIF-1α
protein expression in cells with high basal level of HIF-1α under normoxic conditions as shown in
Figure 1D,E which indicates its potential implication in tumors with high levels of HIF-1α. In brief,
the results provided evidence for potential clinical application of ALM.

Actinolactomycin, whose structure was revealed as 4,7-dihydroxy-3,9-dimethyl-2-oxonanone,
was extracted from fermentation broth of Streptomyces flavoretus 18522. Despite its good solubility
in DMSO for in vitro use, ALM’s solubility in polar solvents or nonpolar solvents for in vivo study
was lower in xenograft experiment due to its emulsion form. Considering the instability of emulsion,
chemical modifications need to be employed in order to improve ALM’s solubility or reduce the
effective dose for further studies and clinical application. Nowadays, almost 30% of patients received
Everolimus exhibits severe side effects, such as mouth sores, stomatitis, infection, mucositis and so
on [35,36]. In addition, chronic rapamycin administration results in a diabetes-like syndrome due to
hyperlipidemia, glucose intolerance, and reduced fat mass [37]. In our study, we found that low dose
of ALM significantly enhanced the tumor inhibitory effect of low dosage Everolimus both in vitro and
in vivo without affecting mouse body weight (Figure 5A–C). These results suggest the potential of
ALM in combination therapy with mTOR inhibitors for solid tumors. Furthermore, it will be more
interesting to explore whether ALM has unknown side effect and special advantages compared with
other HIF-1α inhibitors which is not emphasized in this study.

In recent years, more and more natural compound libraries were applied for drug screening and
some ones early identified have been employed in clinical trials and application, such as artemisinin
for malaria, statins for cardiovascular disease, and taxol for ovarian cancer. Our study provided more
evidence of the feasibility to screening anti-tumor drugs from natural compound libraries. Considering
the abundance of natural compound and complexity of cancer, more efficient and more specific
targetable screening strategies need to be developed.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/5/439/s1,
Figure S1: ALM has no effect on HIF-1α mRNA expression, Figure S2: ALM inhibits HIF-1α translation by
down-regulating mTOR pathway, Figure S3: ALM induces HIF-1α-dependent cell apoptosis in PC3 cells, Figure
S4: Effects of ALM on mouse body weight, Figure S5: Low dose of ALM enhances the inhibitory effect of mTOR
inhibitor rapamycin on cell growth, Figure S6: Effects of ALM and mTOR inhibitor on mouse body weight, Table
S1: Nucleotide sequences of primers used for qRT-PCR.

Author Contributions: Data curation, J.C., L.H., Z.Y. and Y.J.W.; Formal analysis, J.C., L.H., Z.Y. and Y.J.W.;
Funding acquisition, L.S.; Investigation, J.C., L.H. and Z.Y.; Methodology, L.H., Z.Y. and C.S.; Project administration
L.S.; Resources, C.C.; Supervision, P.G. and L.S.; Writing—original draft, J.C. and L.H.; Writing—review & editing,
C.S., Y.J.W., P.G. and L.S.

Funding: This work is supported by National Natural Science Foundation of China (81702361, 81874060).

Acknowledgments: We thank Gregg L. Semenza for kindly sharing the p2.1 plasmid.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2073-4409/8/5/439/s1


Cells 2019, 8, 439 12 of 13

References

1. Semenza, G.L. The hypoxic tumor microenvironment: A driving force for breast cancer progression. Biochim.
Et Biophys. Acta 2016, 1863, 382–391. [CrossRef] [PubMed]

2. Blagosklonny, M.V. Antiangiogenic therapy and tumor progression. Cancer Cell 2004, 5, 13–17. [CrossRef]
3. Blagosklonny, M.V. Hypoxia-inducible factor: Achilles’ heel of antiangiogenic cancer therapy (review). Int. J.

Oncol. 2001, 19, 257–262. [CrossRef]
4. Carmeliet, P.; Dor, Y.; Herbert, J.M.; Fukumura, D.; Brusselmans, K.; Dewerchin, M.; Neeman, M.; Bono, F.;

Abramovitch, R.; Maxwell, P.; et al. Role of HIF-1alpha in hypoxia-mediated apoptosis, cell proliferation and
tumour angiogenesis. Nature 1998, 394, 485–490. [CrossRef] [PubMed]

5. Rankin, E.B.; Giaccia, A.J. Hypoxic control of metastasis. Science 2016, 352, 175–180. [CrossRef] [PubMed]
6. Du, R.; Lu, K.V.; Petritsch, C.; Liu, P.; Ganss, R.; Passegue, E.; Song, H.; Vandenberg, S.; Johnson, R.S.; Werb, Z.;

et al. HIF1alpha induces the recruitment of bone marrow-derived vascular modulatory cells to regulate
tumor angiogenesis and invasion. Cancer Cell 2008, 13, 206–220. [CrossRef]

7. Koshiji, M.; To, K.K.; Hammer, S.; Kumamoto, K.; Harris, A.L.; Modrich, P.; Huang, L.E. HIF-1alpha induces
genetic instability by transcriptionally downregulating MutSalpha expression. Mol. Cell 2005, 17, 793–803.
[CrossRef]

8. Harris, A.L. Hypoxia—A key regulatory factor in tumour growth. Nat. Rev. Cancer 2002, 2, 38–47. [CrossRef]
9. Lv, X.; Li, J.; Zhang, C.; Hu, T.; Li, S.; He, S.; Yan, H.; Tan, Y.; Lei, M.; Wen, M.; et al. The role of

hypoxia-inducible factors in tumor angiogenesis and cell metabolism. Genes Dis. 2017, 4, 19–24. [CrossRef]
10. Denko, N.C. Hypoxia, HIF1 and glucose metabolism in the solid tumour. Nat. Rev. Cancer 2008, 8, 705–713.

[CrossRef]
11. Semenza, G.L. Hypoxia-inducible factor 1: Regulator of mitochondrial metabolism and mediator of ischemic

preconditioning. Biochim. Et Biophys. Acta 2011, 1813, 1263–1268. [CrossRef] [PubMed]
12. Zhang, H.; Gao, P.; Fukuda, R.; Kumar, G.; Krishnamachary, B.; Zeller, K.I.; Dang, C.V.; Semenza, G.L. HIF-1

inhibits mitochondrial biogenesis and cellular respiration in VHL-deficient renal cell carcinoma by repression
of C-MYC activity. Cancer Cell 2007, 11, 407–420. [CrossRef] [PubMed]

13. Zhang, H.; Bosch-Marce, M.; Shimoda, L.A.; Tan, Y.S.; Baek, J.H.; Wesley, J.B.; Gonzalez, F.J.; Semenza, G.L.
Mitochondrial autophagy is an HIF-1-dependent adaptive metabolic response to hypoxia. J. Biol. Chem.
2008, 283, 10892–10903. [CrossRef] [PubMed]

14. Huang, D.; Li, T.; Li, X.; Zhang, L.; Sun, L.; He, X.; Zhong, X.; Jia, D.; Song, L.; Semenza, G.L.; et al.
HIF-1-mediated suppression of acyl-CoA dehydrogenases and fatty acid oxidation is critical for cancer
progression. Cell Rep. 2014, 8, 1930–1942. [CrossRef] [PubMed]

15. Giaccia, A.; Siim, B.G.; Johnson, R.S. HIF-1 as a target for drug development. Nat. Rev. Drug Discov. 2003, 2,
803–811. [CrossRef] [PubMed]

16. Masoud, G.N.; Li, W. HIF-1alpha pathway: Role, regulation and intervention for cancer therapy. Acta Pharm.
Sin. B 2015, 5, 378–389. [CrossRef] [PubMed]

17. Wigerup, C.; Pahlman, S.; Bexell, D. Therapeutic targeting of hypoxia and hypoxia-inducible factors in cancer.
Pharmacol. Ther. 2016, 164, 152–169. [CrossRef]

18. Guillemin, K.; Krasnow, M.A. The hypoxic response: Huffing and HIFing. Cell 1997, 89, 9–12. [CrossRef]
19. Zhang, H.; Qian, D.Z.; Tan, Y.S.; Lee, K.; Gao, P.; Ren, Y.R.; Rey, S.; Hammers, H.; Chang, D.; Pili, R.; et al.

Digoxin and other cardiac glycosides inhibit HIF-1alpha synthesis and block tumor growth. Proc. Natl. Acad.
Sci. USA 2008, 105, 19579–19586. [CrossRef]

20. Semenza, G.L. Regulation of mammalian O2 homeostasis by hypoxia-inducible factor 1. Annu. Rev. Cell
Dev. Biol. 1999, 15, 551–578. [CrossRef]

21. Bunn, H.F.; Poyton, R.O. Oxygen sensing and molecular adaptation to hypoxia. Physiol. Rev. 1996, 76,
839–885. [CrossRef]

22. Schofield, C.J.; Ratcliffe, P.J. Oxygen sensing by HIF hydroxylases. Nat. Rev. Mol. Cell Biol. 2004, 5, 343–354.
[CrossRef] [PubMed]

23. Haase, V.H. The sweet side of HIF. Kidney Int. 2010, 78, 10–13. [CrossRef] [PubMed]
24. Laplante, M.; Sabatini, D.M. mTOR signaling in growth control and disease. Cell 2012, 149, 274–293.

[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbamcr.2015.05.036
http://www.ncbi.nlm.nih.gov/pubmed/26079100
http://dx.doi.org/10.1016/S1535-6108(03)00336-2
http://dx.doi.org/10.3892/ijo.19.2.257
http://dx.doi.org/10.1038/28867
http://www.ncbi.nlm.nih.gov/pubmed/9697772
http://dx.doi.org/10.1126/science.aaf4405
http://www.ncbi.nlm.nih.gov/pubmed/27124451
http://dx.doi.org/10.1016/j.ccr.2008.01.034
http://dx.doi.org/10.1016/j.molcel.2005.02.015
http://dx.doi.org/10.1038/nrc704
http://dx.doi.org/10.1016/j.gendis.2016.11.003
http://dx.doi.org/10.1038/nrc2468
http://dx.doi.org/10.1016/j.bbamcr.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20732359
http://dx.doi.org/10.1016/j.ccr.2007.04.001
http://www.ncbi.nlm.nih.gov/pubmed/17482131
http://dx.doi.org/10.1074/jbc.M800102200
http://www.ncbi.nlm.nih.gov/pubmed/18281291
http://dx.doi.org/10.1016/j.celrep.2014.08.028
http://www.ncbi.nlm.nih.gov/pubmed/25242319
http://dx.doi.org/10.1038/nrd1199
http://www.ncbi.nlm.nih.gov/pubmed/14526383
http://dx.doi.org/10.1016/j.apsb.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26579469
http://dx.doi.org/10.1016/j.pharmthera.2016.04.009
http://dx.doi.org/10.1016/S0092-8674(00)80176-2
http://dx.doi.org/10.1073/pnas.0809763105
http://dx.doi.org/10.1146/annurev.cellbio.15.1.551
http://dx.doi.org/10.1152/physrev.1996.76.3.839
http://dx.doi.org/10.1038/nrm1366
http://www.ncbi.nlm.nih.gov/pubmed/15122348
http://dx.doi.org/10.1038/ki.2010.112
http://www.ncbi.nlm.nih.gov/pubmed/20551925
http://dx.doi.org/10.1016/j.cell.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22500797


Cells 2019, 8, 439 13 of 13

25. Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960–976.
[CrossRef] [PubMed]

26. Laughner, E.; Taghavi, P.; Chiles, K.; Mahon, P.C.; Semenza, G.L. HER2 (neu) signaling increases the rate of
hypoxia-inducible factor 1alpha (HIF-1alpha) synthesis: Novel mechanism for HIF-1-mediated vascular
endothelial growth factor expression. Mol. Cell. Biol. 2001, 21, 3995–4004. [CrossRef]

27. Semenza, G.L. Evaluation of HIF-1 inhibitors as anticancer agents. Drug Discov. Today 2007, 12, 853–859.
[CrossRef] [PubMed]

28. Porta, C.; Paglino, C.; Mosca, A. Targeting PI3K/Akt/mTOR Signaling in Cancer. Front. Oncol. 2014, 4, 64.
[CrossRef] [PubMed]

29. Steelman, L.S.; Martelli, A.M.; Cocco, L.; Libra, M.; Nicoletti, F.; Abrams, S.L.; McCubrey, J.A. The therapeutic
potential of mTOR inhibitors in breast cancer. Br. J. Clin. Pharmacol. 2016, 82, 1189–1212. [CrossRef]
[PubMed]

30. Hobday, T.J.; Qin, R.; Reidy-Lagunes, D.; Moore, M.J.; Strosberg, J.; Kaubisch, A.; Shah, M.; Kindler, H.L.;
Lenz, H.J.; Chen, H.; et al. Multicenter Phase II Trial of Temsirolimus and Bevacizumab in Pancreatic
Neuroendocrine Tumors. J. Clin. Oncol.: Off. J. Am. Soc. Clin. Oncol. 2015, 33, 1551–1556. [CrossRef]
[PubMed]

31. Chan, D.L.; Segelov, E.; Singh, S. Everolimus in the management of metastatic neuroendocrine tumours.
Ther. Adv. Gastroenterol. 2017, 10, 132–141. [CrossRef] [PubMed]

32. Agarwala, S.S.; Case, S. Everolimus (RAD001) in the treatment of advanced renal cell carcinoma: A review.
Oncol. 2010, 15, 236–245. [CrossRef]

33. Krueger, D.A.; Care, M.M.; Holland, K.; Agricola, K.; Tudor, C.; Mangeshkar, P.; Wilson, K.A.; Byars, A.;
Sahmoud, T.; Franz, D.N. Everolimus for subependymal giant-cell astrocytomas in tuberous sclerosis. N. Engl.
J. Med. 2010, 363, 1801–1811. [CrossRef] [PubMed]

34. Franz, D.N.; Agricola, K.; Mays, M.; Tudor, C.; Care, M.M.; Holland-Bouley, K.; Berkowitz, N.; Miao, S.;
Peyrard, S.; Krueger, D.A. Everolimus for subependymal giant cell astrocytoma: 5-year final analysis.
Ann. Neurol. 2015, 78, 929–938. [CrossRef] [PubMed]

35. Lee, L.; Ito, T.; Jensen, R.T. Everolimus in the treatment of neuroendocrine tumors: Efficacy, side-effects,
resistance, and factors affecting its place in the treatment sequence. Expert Opin. Pharmacother. 2018, 19,
909–928. [CrossRef] [PubMed]

36. Morviducci, L.; Rota, F.; Rizza, L.; Di Giacinto, P.; Ramponi, S.; Nardone, M.R.; Tubili, C.; Lenzi, A.;
Zuppi, P.; Baldelli, R. Everolimus is a new anti-cancer molecule: Metabolic side effects as lipid disorders and
hyperglycemia. Diabetes Res. Clin. Pract. 2018, 143, 428–431. [CrossRef]

37. Houde, V.P.; Brule, S.; Festuccia, W.T.; Blanchard, P.G.; Bellmann, K.; Deshaies, Y.; Marette, A. Chronic
rapamycin treatment causes glucose intolerance and hyperlipidemia by upregulating hepatic gluconeogenesis
and impairing lipid deposition in adipose tissue. Diabetes 2010, 59, 1338–1348. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cell.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28283069
http://dx.doi.org/10.1128/MCB.21.12.3995-4004.2001
http://dx.doi.org/10.1016/j.drudis.2007.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17933687
http://dx.doi.org/10.3389/fonc.2014.00064
http://www.ncbi.nlm.nih.gov/pubmed/24782981
http://dx.doi.org/10.1111/bcp.12958
http://www.ncbi.nlm.nih.gov/pubmed/27059645
http://dx.doi.org/10.1200/JCO.2014.56.2082
http://www.ncbi.nlm.nih.gov/pubmed/25488966
http://dx.doi.org/10.1177/1756283X16674660
http://www.ncbi.nlm.nih.gov/pubmed/28286565
http://dx.doi.org/10.1634/theoncologist.2009-0141
http://dx.doi.org/10.1056/NEJMoa1001671
http://www.ncbi.nlm.nih.gov/pubmed/21047224
http://dx.doi.org/10.1002/ana.24523
http://www.ncbi.nlm.nih.gov/pubmed/26381530
http://dx.doi.org/10.1080/14656566.2018.1476492
http://www.ncbi.nlm.nih.gov/pubmed/29757017
http://dx.doi.org/10.1016/j.diabres.2018.04.001
http://dx.doi.org/10.2337/db09-1324
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Cell Culture, Cell Proliferation, Apoptosis Assay and Hypoxia Condition 
	Luciferase Assay 
	Western Blot and Immunoprecipitation 
	Pulse-Labeling 
	Real Time-PCR 
	Animal Experiment 
	Statistical Analysis 

	Results 
	ALM Inhibits HIF-1 Transactivity and Protein Expression 
	ALM Inhibits HIF-1 Translation by Down-Regulating AKT and mTOR Activity 
	ALM Induced HIF-1-Dependent Growth Inhibition and Apoptosis in PC3 Cells 
	ALM Treatment Inhibited PC3 Xenograft Growth 
	Low Dose of ALM Enhances the Inhibitory Effect of mTOR Inhibitors on Cell Growth 

	Discussion 
	References

