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Abstract: Hypoxia-inducible factor (HIF)-1a is the key cellular survival protein under hypoxia, and is associated with
tumor progression and angiogenesis. We have recently shown the inhibitory effects of minocycline on ovarian tumor
growth correlated with attenuation of vascular endothelial growth factor (VEGF) and herein report a companion labo-
ratory study to test if these effects were the result of HIF-1«a inhibition. In vitro, human ovarian carcinoma cell lines
(A2780, OVCAR-3 and SKOV-3) were utilized to examine the effect of minocycline on HIF-1 and its upstream pathway
components to elucidate the underlying mechanism of action of minocycline. Mice harboring OVCAR-3 xenografts
were treated with minocycline to assess the in vivo efficacy of minocycline in the context of HIF-1. Minocycline
negatively regulated HIF-1a protein levels in a concentration-dependent manner and induced its degradation by
a mechanism that is independent of prolyl-hydroxylation. The inhibition of HIF-1a was found to be associated with
up-regulation of endogenous p53, a tumor suppressor with confirmed role in HIF-1a degradation. Further stud-
ies demonstrated that the effect of minocycline was not restricted to proteasomal degradation and that it also
caused down-regulation of HIF-1a translation by suppressing the AKT/mTOR/p70S6K/4E-BP1 signaling pathway.
Minocycline treatment of mice bearing established ovarian tumors, led to suppression of HIF-1a accompanied by
up-regulation of p53 protein levels and inactivation of AKT/mTOR/p70S6K/4E-BP1 pathway. These data reveal
the therapeutic potential of minocycline in ovarian cancer as an agent that targets the pro-oncogenic factor HIF-1a
through multiple mechanisms.
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Introduction

Hypoxia-induced stress response has been
implicated in propagation of human malignan-
cies including ovarian cancer. Outgrowth of
solid tumors beyond their vasculature results in
hypoxia which promotes tumor transition
towards a more aggressive phenotype with
increased proliferation, invasiveness and
metastasis [1]. HIF-1, the central regulator of
hypoxia response, is a heterodimer protein
comprising an oxygen-regulated subunit (HIF-
1a) and a constant constitutively expressed
subunit HIF-13. Hydroxylation of HIF-1a proline
residues under normoxic conditions results in
poly-ubiquitination and subsequent protea-
somal degradation of HIF-1a protein. Under

hypoxia, the absence of oxygen blocks the
hydroxylases from modifying HIF-1a thus allow-
ing HIF-1a to accumulate [2]. HIF-1a can also be
regulated independent of oxygen availability.
p53 loss, the most frequent oncogenic muta-
tion in human ovarian tumors [3], is known to
be associated with increased HIF-1a levels [4].
It has been shown that p53 promotes ubiquiti-
nation and proteasomal degradation of HIF-1a
as well as decreasing its transcriptional activity
[5]. HIF-1« is also controlled by multiple onco-
genic signaling pathways including AKT/mam-
malian target of rapamycin (mTOR) cascade
which is known to be frequently up-regulated in
ovarian cancer [6]. Activation of AKT/mTOR in
response to cytokines, growth factors and other
oncogenes leads to phosphorylation and acti-
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vation of ribosomal protein S6 kinase (p70S6K)
and eukaryotic initiation factor 4E-binding pro-
tein-1 (4E-BP1) which in turn lead to enhance-
ment of HIF-1ac mRNA translation thus allowing
HIF-1a accumulation [7, 8]. Convincing data
supports over-expression of HIF-1a in ovarian
tumors correlated with high malignant patho-
logical grades [9] and poor prognosis [10, 11].
Specifically, HIF-1a has been defined critical in
promotion of tumor cell invasiveness [12] and
angiogenesis in ovarian cancer [13]. It directly
activates the expression of the pro-angiogenic
factor VEGF thus promoting neoangiogenesis
to restore the supply of oxygen and nutrients
enabling continuous tumor growth [14]. Based
on these detrimental effects, HIF-1a repre-
sents an important target for antitumor
intervention.

Minocycline (7-dimethylamino-6-desoxytertra-
cycline) is a safe antibiotic from the second-
generation tetracycline family. Preclinical evi-
dence strongly supports the anti-tumor and
anti-metastatic activities of minocycline and a
number of other tetracyclines in various tumors
[15]. Along this line we have recently communi-
cated the preliminary results demonstrating
the inhibitory effects of minocycline on tumor
growth [16] and malignant ascites formation in
ovarian cancer [17]. We have also established
that in preclinical models of ovarian cancer,
minocycline attenuates invasiveness of tumor
cells [18] along with inhibition of VEGF expres-
sion [17]. Since minocycline influences the
expression of VEGF, which is regulated by HIF-
1o and also suppresses tumorigenic cellular
processes which are, at least in part, HIF-1a
mediated, we postulated that minocycline
exerts these effects through modulation of
HIF-1a.

To test this notion, we used ovarian carcinoma
cell lines, A2780 (p53 wild type), OVCAR-3 (p53
mutated at its DNA binding domain) and SKOV-
3 (p53 null) [19] as model systems to investi-
gate the effects and mechanisms of minocy-
cline in the context of HIF-1. Our results
revealed that minocycline decreases HIF-1a
expression and stability associated with
enhancement of p53 and suppression of AKT/
mTOR/p70S6K/4E-BP1 cascade. To confirm
our in vitro observations, next we conducted in
vivo-based investigations in an experimental
model of ovarian cancer in mice. The results
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clearly show minocycline-induced inhibition of
tumoral HIF-1ax and AKT/mTOR/p70S6K/4E-
BP1 pathway, accompanied by up-regulation of
p53 protein. The evidence presented here point
to the huge potential of minocycline in disman-
tling the oncogenic transcription factor HIF-1a
in ovarian cancer.

Materials and methods
Chemicals and antibodies

Unless otherwise stated, all drugs and chemi-
cals used in this study were obtained from
Sigma-Aldrich (Australian subsidiary). The fol-
lowing primary antibodies were used through-
out this study: rabbit polyclonal antibodies spe-
cific for HIF-1a, HIF-1B, p53, AKT, phospho (p)-
AKT (Ser*™3), p-mTOR (Ser?*48), mTOR, p-p70S6K
(Thr38%) | p70S6K, p-4E-BP1 (Thr7/48), 4E-BP1,
p21 and BAX (Cell Signaling Technology, Sydney,
Australia) and mouse Monoclonal anti-B-actin
(R&D Systems). Secondary antibodies were
goat anti rabbit or anti mouse immunoglobulin
G conjugated with horseradish peroxidase
(HRP, Santa Cruz Biotechnology).

Cell culture

The human ovarian cancer cell lines; A2780,
OVCAR-3 and SKOV-3 cells, were obtained from
American Type Culture Collection (ATCC,
Manassas, VA). Cells were maintained in RPMI
1640 medium with 2 mM I-glutamine, 2 g/L
sodium bicarbonate, 4.5 g/L glucose, 10 mM
HEPES, 1 mM sodium pyruvate (Invitrogen,
Sydney, Australia) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and
penicillin-streptomycin (50 U/ml) at 37°C in a
humidified atmosphere containing 5% CO, as
suggested by the manufacturer. Cell lines were
routinely assessed by cell morphology and their
average doubling time.

In vitro hypoxia tests

At 60% to 80% confluency, cells were treated
with the indicated concentrations of minocy-
cline (ranging from O to 100 ymol/L) dissolved
in 5% FBS media before being placed in a
sealed modular hypoxic chamber (Billups-
Rothenburg, Del Mar, CA) flushed with 1% O,
5% CO, and 94% N,. The chamber was then
placed in an incubator at 37°C for 4 h. For
induction of chemical hypoxia, the same proce-
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dure was used, except that instead of place-
ment in hypoxic chamber, cells were treated
with the chemical hypoxic agent desferriox-
amine (DFO, 50 uM) for 4 h. Cells not exposed
to hypoxia or hypoxia-mimetic agents were run
in parallel as controls. Following treatment,
cells were subjected to immunocytochemistry
or western blotting to determine HIF-1la and
HIF-1B protein expressions.

Immunocytochemistry staining

Immunofluorescent staining was conducted as
previously described [17]. Immunostaining of
HIF-1a and HIF-13 was carried out on cells
seeded on sterilized cover slips and exposed to
minocycline (0/100 uM) followed by incubation
in normoxia or hypoxia for 4 h. Expression of
p53 was examined in cells subjected to the
indicated treatments  with  minocycline.
Immunostained cells were analyzed for protein
expression using Olympus IX71 laser scanning
microscopy with x 60 oil immersion lens.
Images were acquired and processed with
FV1200 software.

Western blot analysis

50 pg of cellular lysate (collected as previously
described [17]) were subjected to sodium
dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE). Following electro transfer,
polyvinylidene difluoride membrane (Millipore
Corporation) was probed with specific antibod-
ies. Immune complexes were detected using
HRP conjugated with either anti-mouse or anti-
rabbit followed by chemiluminescence detec-
tion (Perkin Elmer Cetus). To show equal protein
loading, blots were stripped and re-probed with
specific antibodies recognizing B-actin.

Establishment of i.p. xenografts and assess-
ment of minocycline activities

Female nude athymic Balb C nu/nu mice (6
weeks old) were purchased from Biological
Resources (Faculty of Medicine, University of
New South Wales, Sydney, NSW, Australia). The
mice were housed and maintained in laminar
flow cabinets under specific pathogen-free con-
ditions in facilities approved by the University of
New South Wales Animal Care and Ethics
Committee (ACEC). All procedures carried out
on mice were in strict accordance with the pro-
tocol approved by ACEC (approval number:
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9/23B), and all efforts were made to minimize
suffering. |.p. tumors were established accord-
ing to the method previously described [20].
Briefly, 10 x 10° log-phase growing OVCAR-3
cells suspended in 0.5 mL PBS were injected
intraperitoneally to each mouse. On day 28
after cell inoculation, mice were randomly
assigned to one of the treatment or control
groups (8 mice per group). Minocycline was dis-
solved in sterile normal saline (0.6 mg/mL).
Mice were injected intraperitoneally with a sin-
gle dose of minocycline (30 mg/kg). Control
group received sterile normal saline instead. At
the end of treatment periods (4 or 24 h), perito-
neal cavity was washed according to the proce-
dure explained earlier [17]. Then animals were
euthanized using Lethabarb R (100 mg/kg) i.p.
injection (VIRBAC) and tumors were immediate-
ly dissected and preserved at -80°C for later
analysis. Whole-cell tumor lysates were used to
determine HIF-1x, p53, AKT, p-AKT, p-mTOR,
MTOR, p-p70S6K, p70S6K, p-4-EBP1 and
4E-BP1 expression.

Statistical analysis

All statistical analyses were conducted using
GraphPad Prism Software version 6.0. Data are
presented as mean + SD. The student t test
was used to compare 2 independent group
means. One-way ANOVA was used to determine
the statistical differences between more than
2 groups; a significant interaction was inter-
preted by a subsequent simple effects analysis
with Bonferroni correction. Statistical signifi-
cance was established at the P < 0.05 level.

Results

Effects of minocycline on accumulation of HIF-
1o during hypoxia

To investigate the effect of minocycline on HIF-
1o expression in ovarian cancer cells exposed
to hypoxia, immunofluorescent staining was
performed after 4 h treatment of A2780 and
OVCAR-3 cell lines with minocycline (100 pM)
under either normal (21%) or low (1%) oxygen
concentrations. The results demonstrated that
minocycline significantly decreased the HIF-1a
surge induced by hypoxia in both ovarian can-
cer cell lines. However, as expected HIF-13
expression was not affected by hypoxia or
minocycline (Figure 1A).
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Figure 1. Minocycline inhibits HIF-1a expression induced by hypoxia or hy-
poxia mimetic agent DFO. A. Representative confocal images of HIF-1a
or HIF-1B (green) in A2780 and OVCAR-3 cells subjected to normoxic or
hypoxic conditions. The cells under hypoxia were either vehicle-treated or
exposed to minocycline (100 uM) for 4 h. Cells were also stained with prop-
idium iodide (red). Images were obtained at 60 x magnification. The scale
bars represent 50 um. B. Cellular levels of HIF-1a and HIF-1[ proteins in
A2780 and OVCAR-3 cells treated with indicated concentrations of mino-
cycline for 4 h in normoxia/hypoxia conditions as examined by Western
blotting. C. Western blot analysis of HIF-1a and HIF-13 proteins in A2780
and OVCAR-3 cells exposed to varying concentrations of minocycline in
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the presence or absence of DFO
(50 uM). Densitometric analysis of
immunoblotting data was carried
out using the Quantity One image
program (Bio-Rad). The values are
normalized to B-actin as loading
control and are expressed as the
percentage of control group. Col-
umns, means of three independent
experiments; bars, SD. **P < 0.01
and ***P < 0.001 vs. control cells.

Results obtained from Western
blot analysis also show signifi-
cant inhibitory effect of minocy-
cline at 10 and 100 uM concen-
trations on hypoxia-induced HIF-
1a expression in A2780 and
OVCAR-3 cells (p < 0.001). HIF-
1B expression in the whole cell
extract remained unchanged
after exposure to hypoxia and/
or minocycline (Figure 1B).

Next utilizing the hypoxia mimet-
ic agent DFO, chemically
induced hypoxia was used to
obtain further evidence on the
effect of minocycline on cellular
HIF-1a expression. Exposure of
cells to DFO, led to a significant
increase in HIF-1a protein
expression (p < 0.001). Pre-
treatment of cells with minocy-
cline led to concentration-
dependent reduction in HIF-1a
level. Consistent with previous
results, HIF-B levels were not
changed in cells subjected to
DFO and/or minocycline treat-
ment (Figure 1C).

Minocycline decreases HIF-1x
stability

Regulation of HIF-1a seems to
occur principally at the protein
level by HIF-1a stabilization
[21]. To determine the possible
mechanism by which minocy-
cline regulates HIF-1a expres-
sion, we first examined the
effect of minocycline on HIF-1a
stability using cycloheximide
(CHX) to inhibit new protein syn-
thesis in the cells. A2780 and

Am J Cancer Res 2015;5(2):575-588
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Figure 2. Minocycline decreases HIF-1a protein stability independent of prolyl-hydroxylase enzyme. A. A2780 and
OVCAR-3 cells pretreated with vehicle or minocycline (100 uM) for 30 min, were exposed to CHX (100 uM). Whole
cell extracts were collected at different time points and subjected to Western blot analysis using HIF-1a antibody.
B. The densitometric values quantified using the Quantity One image program (Bio-Rad) were corrected based on
B-actin and were expressed as the percentage of the values corresponding to the HIF-1a protein levels at time zero.
C. Western blot analysis of HIF-1a protein in A2780 and OVCAR-3 cells pretreated with vehicle or minocycline (100
uM) for 1 h and then exposed to DMOG (5 mM) or vehicle for an additional 4 h. B-actin, loading control. Densitomet-
ric values of the bands obtained by using the Quantity One image program (Bio-Rad) were corrected and expressed
relative to that of control cells which was set as 100. Columns, means of three independent experiments; bars, SD.
*P < 0.05 vs. vehicle-treated cells.

OVCAR-3 cells were treated with CHX or CHX Pretreatment with minocycline significantly
plus minocycline as indicated in Figure 2A. The decreased HIF-1a protein half-life in cells
half-life of HIF-1a protein was 5.2 min and 4.6 exposed to CHX (2 min in A2780 cells and 2.7
min in A2780 and OVCAR-3 cells respectively min in OVCAR-3) (Figure 2B). These data sug-
when the cells were treated with CHX alone. gest that minocycline inhibits HIF-1a expres-
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Figure 3. Minocycline up-regulated the expression of p53. A. Confocal imaging analysis of p53 (green) in A2780 and
OVCAR-3 cells under control conditions and exposed to minocycline (100 uM) for 24 h. Cells were also stained with
propidium iodide (red). Images were obtained at 60 x magnification. The scale bars represent 50 um. B. Cellular lev-
els of p53 in A2780 and OVCAR-3 cells treated with increasing concentrations of minocycline for 24 h as examined
by Western blotting. Densitometric analysis of immunoblotting data was carried out using the Quantity One image
program (Bio-Rad). The values are normalized to B-actin as loading control and are expressed as the percentage
of vehicle-treated group. Columns, means of three independent experiments; bars, SD. *P < 0.05, **P < 0.01 and

***P < (0.001 vs. control cells.

sion at least in part through decreasing HIF-1a
protein stability.

The effect of minocycline on HIF-1« is hydroxy-
lase-independent

Oxygen dependent proteolysis is the primary
means of regulating HIF-1a stability [2]. In nor-
moxia, hydroxylation of prolyl residues 402 and
564 at the oxygen-dependent degradation
domain of HIF-1a triggers its association with
von Hippel Lindau protein, leading to HIF-1x
degradation via ubiquitin-proteasome pathway
[22, 23]. To examine whether the inhibitory
effect of minocycline on HIF-1a is dependent
on classical oxygen sensing pathway, we pre-
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treated A2780 and OVCAR-3 cells with the pro-
Iyl hydroxylase inhibitor dimethyloxaloylglycine
(DMOG) prior to exposure to minocycline. As
expected, treatment with DMOG led to overex-
pression of HIF-1a in both A2780 and OVCAR-3
cells (Figure 2C), however DMOG did not block
the inhibitory effect of minocycline on HIF-1a
expression. These results suggest that the inhi-
bition of HIF-1a by minocycline is regardless of
oxygen sensing through hydroxylation of
HIF-1a.

Minocycline up-regulates p53 expression

Accumulated evidence supports the critical
role of the tumor suppressor p53 in deter-

Am J Cancer Res 2015;5(2):575-588
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Figure 4. Minocycline suppresses HIF-1a protein independent of p53 status or proteasomal degradation. A. Confo-
cal immunocytochemistry of HIF-1a and HIF-10 (green) in SKOV-3 cells subjected to specified treatments for 4 h.
The nuclei are counterstained with propidium iodide (red). Images were obtained at 60 x magnification. The scale
bars represent 50 um. B, C. The expression levels of HIF-1a and HIF-1( in SKOV-3 cells exposed to the indicated
treatments for 4 h as estimated by Western blot analysis. D. Western blot analysis of HIF-1a protein in A2780 and
OVCAR-3 cells pretreated with vehicle or minocycline (100 uM) for 1 h and then exposed to MG132 (10 uM) or ve-
hicle for an additional 4 h. B-actin, loading control. Densitometric values of the bands obtained by using the Quantity
One image program (Bio-Rad) were corrected and expressed relative to that of control cells which was set as 100.
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Columns, means of three independent experiments; bars, SD. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. control
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Figure 5. Effect of minocycline on AKT/mTOR/p70S6K1/4E-BP1 pathway (A) Whole cell extracts of OVCAR-3 and
SKOV-3 cells after treatment with minocycline (0-100 uM) for 24 h were analyzed by Western blotting using the
indicated antibodies. The densitometric values quantified using the Quantity One image program (Bio-Rad) were
corrected based on B-actin and were expressed as the percentage of the values corresponding to control cells.
Numbers opposite column indicators, concentration of minocycline (uM); Columns, means of three independent
experiments; bars, SD. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle-treated cells.

mining HIF-1la stability [5, 24, 25]. p53
functions to promote HIF-1a proteasomal deg-
radation [5, 24, 25] as well as inhibition of
HIF transcriptional activity [5, 26]. Interes-
tingly, mutation of p53 in its DNA binding
domain retains its ability to block HIF-1a ex-
pression [27] and transcriptional activities
[28]. Therefore, we next investigated whether
minocycline-induced inhibition of HIF-1a is
associated with up-regulation of p53 in both
A2780 (p53-wild) and OVCAR-3 (p53-mutated)
cells. Immunocytochemistry staining (Figure
3A) and Western blot analysis (Figure 3B)
revealed that minocycline markedly increas-
ed the endogenous expression of p53 in
both cell lines in a concentration-dependent
fashion.
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Minocycline affects HIF-1o expression in p53-
null cells

Because pb53 accumulates with minocycline,
we considered that this might be the mecha-
nism behind attenuation of HIF by minocycline.
To test this notion we utilized SKOV-3, an ovari-
an cancer cell line that is p53 null [19].
Immunofluorescent staining revealed that
minocycline could effectively block HIF-a
expression in these cells under hypoxia (Figure
4A). This was also confirmed by Western blot
analysis showing the concentration-dependent
decrease in HIF-a under low oxygen condition
(Figure 4B). In line with this, minocycline sup-
pressed the HIF-a surge induced by the hypoxia
mimetic agent DFO in a concentration-depen-
dent fashion in these cells (Figure 4C). These
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Figure 6. Minocycline suppresses HIF-1a associated with p53 up-regulation and inhibition of AKT/mTOR/
p70S6K/4E-BP1 pathway in female BALB/c athymic nude mice bearing i.p. OVCAR-3 tumors. Whole cell protein
lysates of tumor tissues excised from mice subjected to a single dose of minocycline (30 mg/kg, i.p.) for 4 h or 24
h were subjected to Western blotting using the indicated antibodies. The densitometric values quantified using the
Quantity One image program (Bio-Rad) were corrected based on B-actin and were expressed as the percentage of
the values corresponding to control group. Columns, means of densitometry values obtained from analyzing tumor
samples of animals in each group (n = 8), Bars, SD. **p < 0.01 and ***p < 0.001 vs. control.

data suggest that the accumulation of p53 can-
not completely explain the effects of minocy-
cline on HIF-1.

The effect of minocycline on HIF-1« is protea-
some-independent

Next, to examine whether the inhibitory effect
of minocycline on HIF-1a is only through accel-
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eration of its proteasomal degradation, we pre-
treated OVCAR-3 and SKOV-3 cells with the pro-
teasome inhibitor carbobenzoxy-Leu-Leu-leuci-
nal (MG132) prior to exposure to minocycline.
Treatment with MG132 led to an expected
increase in HIF-1a expression in both A2780
and OVCAR-3 cells, but had no effect on inhibi-
tion of HIF-1a expression that was mediated by
minocycline (Figure 4D). These results suggest
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that the inhibition of HIF-1« is not only due to
increased HIF-1a proteasomal degradation.
This raises the possibility that the effect of
minocycline on HIF-1a might be at protein syn-
thesis level as well.

Minocycline inhibits AKT/mTOR/p70S6K1/4E-
BP1 pathway

Besides HIF-1a stabilization, increased transla-
tion [29] and possibly transcription [30] have
also emerged as regulatory mechanisms of HIF-
1. The AKT pathway and its downstream target
mTOR have been shown to increase levels of
HIF-1a protein [7] by phosphorylating the com-
ponents required for HIF-1a protein translation
namely p70S6K and 4E-BP1 [7, 8]. These kinas-
es control translation of HIF-1 mRNA to protein
[31, 32]. To test whether inhibition of HIF-1a
expression by minocycline is associated with
modulation of AKT/mTOR pathway, we exam-
ined the effect of minocycline on this pathway
in OVCAR-3 and SKOV-3 cells both harboring
constitutively active AKT/mTOR pathway [33,
34]. As shown in Figure 5, minocycline down-
regulated phospho-AKT (Ser*”®) in both cell
types in a dose-dependent manner whereas
protein levels of total AKT were not altered.
Furthermore, minocycline inhibited phosphory-
lation of the downstream targets of AKT, mTOR
(Ser?448), p70S6K (Thr38°) and 4E-BP1 (Thr37/4¢)
in both cell lines and in a way that parallels the
decrease in HIF-1a protein levels. Since AKT/
mTOR/p70S6K/AE-BP1 pathway is required for
HIF-1a protein synthesis, their effective inhibi-
tion by minocycline might explains its negative
effects on HIF-1a in ovarian cancer cells.

Tumoral inhibition of HIF-1a correlates with
both up-regulation of p53 and suppression of
the AKT/mTOR/P70S6K/4E-BP1 signaling

To assess whether the inhibitory effect of mino-
cycline on HIF-1a in ovarian cancer cells could
occur in vivo, we next evaluated the effect of
minocycline treatment on tumoral HIF-1a
expression in an experimental model of ovarian
cancer in mice. As shown in Figure 6, a single
dose of minocycline resulted in significant
decrease in tumor HIF-1a levels after both 4
(65 + 5%, p < 0.001) and 24 h (80 £ 6%, p <
0.001). Furthermore, compared to control
group, the expression of p53 protein was
increased by 120 + 20% (p < 0.01) in the mino-
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cycline-treated mice after 4 h. Obviously, the
effect was more pronounced in the group
receiving minocycline dose for 24 h where p53
expression increased by 160 + 15% (p < 0.01).
In line with our in vitro results phosphorylation
of AKT and mTOR was significantly blocked in
tumors excised from single-dose minocycline
treated animals after both 4 and 24 h (p <
0.001). To further confirm the inhibitory effect
of minocycline on AKT/mTOR pathway in vivo,
we next examined the effect of minocycline on
the phosphorylation of p70S6K and 4E-BP1 the
downstream targets of mTOR. Western blot
analysis revealed significant down-regulation of
the endogenous levels of phosphorylated
p70S6K (p < 0.01) and 4E-BP1 (p < 0.001) in
the tumor samples excised from mice treated
with minocycline. These in vivo observations
fully support our in vitro results described
above, suggesting effective inhibition of HIF-o
associated with up-regulation of p53 and sup-
pression of AKT/mTOR/p70S6K/4E-BP1 cas-
cade by minocycline leading to its reported bio-
logical effects in cancer.

Discussion

HIF-1 is a key cellular survival protein with criti-
cal roles in tumor progression, angiogenesis
and metastasis [1]. We and others have recent-
ly indicated the anti-tumor activities of minocy-
cline [16, 35] correlated with its inhibitory
effects on angiogenesis [36] and VEGF expres-
sion [17]. However, the mechanisms behind
these effects is not well-defined. Based on the
pivotal role of HIF-1 in tumor angiogenesis and
VEGF expression, it is possible that modulation
of this transcription factor is one of the key
mechanisms of action of minocycline. The
major aim of the current study was to deter-
mine the effects of minocycline on HIF-1 in
ovarian cancer. In vitro, using ovarian cancer
cells, we found that minocycline inhibited the
HIF-1a surge induced by hypoxia or hypoxic
mimetic agent DFO. This was followed by acute
(4 and 24 hours) treatment of ovarian tumor-
bearing mice with minocycline. Analysis of
tumors collected from these mice revealed
down-regulation of HIF-1at in minocycline-treat-
ed animals.

HIF-1a protein expression is predominantly reg-
ulated via its stability regulation [21]. Thus in
order to define the molecular mechanism by
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which minocycline inhibited HIF-1a expression,
we first examined whether minocycline
decreased HIF-1a protein stability. It was
observed that the half-life of HIF-1a protein was
shortened significantly in the presence of mino-
cycline, demonstrating that minocycline
induced HIF-1a protein degradation. HIF-1x
destruction is initiated by a family of enzymes
designated as oxygen sensors i.e. prolyl hydrox-
ylases. In the presence of oxygen these
enzymes hydroxylate the proline residues (Pro
402 and Pro 564) of HIF-1a protein thus allow-
ing its association with von Hippel Lindau pro-
tein to facilitate ubiquitination and proteasomal
degradation of HIF-1a [22, 23]. To further clari-
fy the mechanism of effect of minocycline, we
next checked whether the inhibitory effect of
minocycline on HIF-1a is dependent on the
activity of prolyl hydroxylases. Interestingly, it
was found that the effect of minocycline is pre-
served in the presence of hydroxylase inhibitor
(DMOG) indicating that the effect of minocy-
cline is regardless of the classical oxygen-
dependent degradation pathway. More recent
reports suggest that besides this traditional
degradation pathway, HIF-1a stability can be
controlled by a number other factors including
the tumor suppressor p53. Convincing data
supports the pivotal role of p53 in proteasomal
degradation of HIF-1a [37] as well as repress-
ing its transcriptional activity [5, 26]. In our
study, it was found that minocycline up-regu-
lates the endogenous levels of p53 both in vitro
in A2780 (p53 wild type) and OVCAR-3 (p53
mutated) cells; as well as in vivo in tumors
excised from minocycline-treated mice. As
minocycline enhances p53 expression in cells
harboring endogenous p53, this might explain
its effect on HIF-1a expression. We tested this
notion using SKOV-3 cells which are p53 null. It
was observed that minocycline effectively
blocked the HIF-1a surge induced by hypoxia or
hypoxic-mimetic agent DFO in these cells sug-
gesting that the accumulation of p53 cannot
fully explain the effects of minocycline on HIF-
1a. This was further confirmed by our results
showing that the effect of minocycline is prote-
asomal-independent and is preserved in the
presence of the proteasome inhibitor MG132.
Based on this data, the attenuation of HIF-1«x
by minocycline is not solely through enhance-
ment of its degradation.

HIF-1a expression also depends on its rate of
de novo synthesis. Thus, we next examined
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whether minocycline affected HIF-1a protein
synthesis. PIBK/AKT signaling is known to be
overexpressed in ovarian cancer [6] and is
directly implicated in the control of HIF-1x and
VEGF expression [38]. Indeed, PI3BK/AKT path-
way regulates HIF-1a protein translation
through mTOR signaling [39, 40]. Activation of
the serine/threonine kinase AKT which is the
central downstream effector of PI3K leads to
phosphorylation and activation of mTOR.
Activated mTOR in turn, controls HIF-1a protein
translation by phosphorylation of two down-
stream effectors, namely p70S6K and 4E-BP1
[7, 8]. In this study we found that minocycline at
50-100 pM significantly suppressed the phos-
phorylation of p70S6K and 4E-BP1 in OVCAR-3
and SKOV-3 cells, both expressing constitutive-
ly active AKT/mTOR pathway [33, 34], and this
paralleled with its inhibitory effect on AKT and
mTOR activation. The same effect was observed
in tumor samples collected from mice treated
with a single dose of minocycline for 4 and 24
h. Given the key role of AKT/mTOR/p70S6K/4E-
BP1 pathway in the regulation of HIF-1a transla-
tion, our results strongly suggested that mino-
cycline-induced suppression of this pathway
might be involved in the inhibition of HIF-1la
translation rate. The activity of the translation
regulators p70S6K and 4E-BP1 is controlled by
multiple phosphorylation events induced by
multiple kinases. The mitogen activated protein
kinase (MAPK) pathway is also known to
increase HIF-1a and VEGF protein synthesis
through its effects on hyper phosphorylation
and activation of p70S6K and 4E-BP1 [41].
Interestingly, we have previously shown that
minocycline attenuated MAPK pathway as well
[17, 18]. Hence, these data indicate that mino-
cycline interfered with protein translation regu-
lation, which might contribute -at least in part-
to its inhibitory effect on HIF-1a protein expres-
sion. On the other hand, activated p70S6K
negatively regulates p53 expression via its
downstream effector Mdm2 which is also a
positive regulator of HIF-1a [8, 42]. Thus, sup-
pression of p-p70S6K by minocycline might
account for up-regulation of p53 to provide
another mechanism for the inhibitory effect of
minocycline on HIF-1a.

Overall, the in vitro and in vivo data presented
here demonstrate that minocycline exerts sup-
pressive effects at multiple levels on HIF-1a
protein expression in ovarian cancer cells. This
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novel finding provides new insight into the
potential mechanism of the anti-cancer proper-
ties of minocycline. Molecular targeting of HIF-
1a by minocycline might be a useful and novel
strategy for treatment of ovarian cancer.
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