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Hypoxia inducible factor-1oa regulates autophagy
via the p27-E2F1 signaling pathway
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Abstract. Autophagy is a highly conserved process by which
the cell contents are delivered to lysosomes for degradation,
or are used to provide macromolecules for energy generation
under conditions of nutritional starvation. It has previously
been demonstrated that cancer cells in hypoxic regions, with
an oxygen concentration below the normal physiological level,
express hypoxia inducible factor (HIF)-la, in order to adapt
and survive. HIF-1a is important in the regulation of oxygen
homeostasis and the transcription of hundreds of genes in
response to conditions of hypoxia, hence maintaining energy
and redox homeostasis. To determine if HIF-la modulates
autophagy and the underlying molecular mechanisms regu-
lating this process, the human esophageal cancer EC109 and
IMR90 human diploid fibroblast cell lines were exposed to
normoxic or hypoxic conditions and the expression levels of
various proteins subsequently examined. Small interfering
RNA was used to silence p27, in order to investigate its role in
the process of HIF-1a regulated autophagy. Hypoxia induced
autophagy in IMR90 cells and it was revealed that immature
IMRO0 cells demonstrated an increased rate of autophagy
compared with mature cells. HIF-1a promoted EC109 cell
autophagy via positively modulating p27, whereas silencing of
p27 abolished the autophagy induced by hypoxia. The present
study identified the primary components of the p27-E2F1
signaling pathway by which HIF-1a regulates autophagy. A
previously unidentified mechanism is here presented, via
which cancer cells may generate energy, or obtain macromol-
ecules for survival.
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Introduction

Autophagy is a highly conserved, physiological, catabolic
process that engulfs organelles and cytoplasmic contents,
including macromolecules such as proteins and lipids (1,2).
These are broken down to their basic components to sustain
cellular metabolism. In addition to providing a basic cata-
bolic function, autophagy is believed to be essential for the
maintenance of cellular homeostasis via coping with stressful
conditions to improve survival (3). Unlike the ubiquitin-prote-
asome system which selectively degrades proteins attached by
ubiquitin (4), autophagy nonselectively degrades cytoplasmic
proteins and dysfunctional organelles (5). In mammalian cells,
there are predominantly three autophagic pathways that have
been identified, including macroautophagy, microautophagy
and chaperone-mediated autophagy (6,7).

Emerging evidence suggests that autophagy plays a
context-dependent role in cancer (8-10), autophagy suppresses
tissue injury and tumor initiation by elimination of damaged
cellular components on one side, however, in an established
tumor, autophagy promotes cancer progression by providing
substrates for metabolism and fostering survival (11,12).
The survival of organisms is dependent upon their ability to
efficiently generate energy through the process of mitochon-
drial oxidative phosphorylation and when cells subjected
to prolonged hypoxia, autophagy is an adaptive metabolic
response to let cells go through energy deficiency and this
process requires the hypoxia-inducible factor 1 to maintain
oxygen homestasis (13-15).

HIF-1 composed of a constitutively expressed HIF-13
subunit and an O,-regulated HIF-1a subunit is a heterodimer
and plays a key role in the regulation of oxygen home-
stasis (16,17). Under aerobic conditions, HIF-1a subunit
is rapidly degraded but stabilized when the O, dependent
prolyl hydroxylases (PHDs) are inhibited under hypoxia (16).
HIF-1 regulates the transcription of hundreds of genes in
response to hypoxia whose products restore blood supply and
nutrients (18,19). So far, there is growing evidence suggested
autophagy is linked to hypoxia, however an understanding of
the precise role of HIF-1 in the course of autophagy remains
dismal.

In this present study, we examined the role of HIF-1a/p27
in the regulation of autophagy. Our data indicate that HIF-1a.
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induces autophagy by promoting p27 activity, and p27 silence
inhibits HIF-1a induced autophagy. HIF-1a could also promote
esophageal carcinoma cells proliferation and tumorigenesis in
xenograft.

Materials and methods

Cell lines, cell culture. Human esophageal cancer EC109 and
IMRO90 human diploid fibroblasts cells were purchased from
National Institute of Biological Products, Beijing, China.
Young IMR90 cells are defined as having completed <30 PD,
while replicative senescent IMR9O0 cells are defined as having
completed >50 PD. EC109 cell and IMR90 cell were cultured
in RPMI-1640 and DMEM media, respectively, supplemented
with 10% fetal bovine serum at 37°C. In the experiments 2.4 g/l
HEPES was added into the medium to inhibit cell apoptosis
caused by acidosis under hypoxia. Cultures at 90% confluence
were digested with 0.25% trypsin after washing with a PBS
solution and then split at a ratio of 1:2. For hypoxia culture,
cells were placed in a hypoxic (1% O,, 5% CO,, 94% N,,
37°C) incubator (New Brunswick Scientific Co., Ltd., Enfield,
CT, USA) for indicated time. Control cells were incubated
for equivalent periods under normoxic conditions (21% O,,
5% CO,, 37°C).

Plasmids, antibodies and regent. HIF-1o. wild type (HIF-1a
WT) plasmid and HIF-la constitutively active form of
HIF-1a (HIF-1la ACA) plasmid were kindly gift from Dr
Makio Hayakawa. As HIF-la can be degraded through
the ubiquitin-proteasome pathway upon normoxia by von
Hippel-Lindau (VHL) protein and VHL protein binds to
HIF-1a by recognizing two highly conserved proline residues
(Pro-402 and Pro-564) for polyubitylation, so let alanine to
substitute the conserved proline will keep HIF-1a constitu-
tively active. Transfection into EC109 cells was performed
using Lipofectamine Plus (Invitrogen Life Technologies,
Carlsbad, CA, USA) according to the manufacturer's instruc-
tions. The antibodies used in this study were antibodies
against HIF-1a (BD Transduction Laboratories, Lexington,
KY, USA), p16 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA,USA), p27 (Santa Cruz Biotechnology, Inc.), PTEN (Santa
Cruz Biotechnology), E2F1 (Cell Signaling Technology, Inc.,
Danvers, MA, USA), LC3 (Cell Signaling Technology, Inc.),
Bcl-2 (Cell Signaling Technology, Inc.), PARP (Santa Cruz
Biotechnology, Inc.), actin (Santa Cruz Biotechnology, Inc.).
Besides, CoCl, (Sigma, St. Louis, MO, USA) was dissolved in
sterile water.

Western blot analysis. Cells were scraped from the plate
and lysed in RIPA buffer (10 mm Tris-HCI, 150 mm NacCl,
1% Triton X-100, 5 mm EDTA, 1% sodium deoxycholate,
0.1% SDS, 1.2% aprotinin, 5 ym leupeptin, 4 ym antipain,
1 mm phenylmethylsulphonyl fluoride, and 0.1 mm Na;VO,)
on ice for 1 h containing a protease inhibitor mixture. Cell
lysates were then centrifuged at 13,000 x g for 15 min at 4°C,
and the insoluble debris were discarded. Protein concentra-
tion of each sample was determined by BCA Protein Assay
Reagent (Pierce Biotechnology, Inc., Rockford, IL, US). Then
total proteins were subjected to SDS-polyacrylamide gel
electrophoresis (SDS/PAGE) and transferred to nitrocellulose
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membranes (Millipore Corp., Billerica, MA, USA). After
blocking in 5% non-fat dry milk in TBST (10 mM Tris-Cl,
pH 7.5, 150 mM NacCl, 0.05% Tween-20), the membranes
were incubated with primary antibodies overnight at 4°C. The
membranes were then washed four times with TBST and then
incubated with HRP-conjugated secondary antibodies for 1 h
at room temperature. Proteins were visualized using chemilu-
minescent substrate (Millipore Corp.).

Determination of apoptosis. Apoptotic cells were stained
with Annexin V-FITC using an Annexin V-FITC Apoptosis
Detection kit I (BD Biosciences, Franklin Lakes, NJ, USA)
according to the manufacturer's instructions. Stained cells were
then analyzed by flow cytometry with a FACScan cytometer.

RNA interference. The p27 siRNA (si-p27) sequence and the
scrambled siRNA control (si-ctrl) sequence were 5'-GCAACC
GACGAUUCUUCUATT-3' and 5-TTCTCCGAACGTGTC
ACGTTT-3', respectively. The cells were transfected with
siRNA duplexes for 48 h using Oligofectamine (Invitrogen
Life Technologies) following the manufacturer's recommenda-
tions.

Tumorigenicity assay. In the experiment, NOD/SCID mice
at age of 6 weeks were injected with 1x10°cells in 100 ul
PBS into left and right flanks, respectively. Tumor sizes were
measured every few days, and tumor volumes were calculated
as volume = length x width? x (1/2). Animals were maintained
of regular food and water and after several weeks, and then
were killed and tumors were harvested. All procedures were
approved by the Ethics Committee of The First Affiliated
Hospital of Zhengzhou University.

Statistical analysis. The statistical significance of differences
was evaluated by unpaired t-test, and P<0.05 was considered
to indicate a statistically significant difference.

Results

Young IMR90 cells present an increase of autophagy
responses than senescence cells when exposed to hypoxia. The
existence of evidences that HIF-1a could induce autophagy
and RB-E2F1 pathway triggers autophagy led us to explore
whether HIF-la could regulate autophagy through RB-E2F1
pathway (14,20,21). To investigate this hypothesis, young and
sensescent IMR90 cells were exposed to hypoxia and then
collected and analyzed. Consistent with previous findings,
hypoxia induces leads to prolyl hydroxylase inhibition and
stabilization of HIF-la and the conversion of the micro-
tubule-associated protein LC3-I to LC3-II, a biochemical
marker of autophagy that is correlated with the formation of
autophagosomes (Fig. 1A). To further support the observa-
tion, we performed western blot analyses of p62, which is an
autophagic substrate. In response to hypoxia, the degradation
of p62 was much faster in young IMRO90 cells than senescent
cells (Fig. 1A). Immunoblotting analyses revealed an accumu-
lation of E2F1 in senescent IMRO90 cells compared with young
IMROO cells and p27 presented an opposite expression profile
to E2F1 (Fig. 1A). However, that p16™%** showed upregulation
as cell senescence didn't accord with the previous report that
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Figure 1. Young IMR9O0 cells present an increase of autophagy responses than senescent cells when exposed to hypoxia. (A) Young and senescent IMRI0 cells
were cultured in DMEM medium with 10% fetal serum and exposed to hypoxia (1% O,) for 24 h. Cell lysates were collected and then analyzed for expression of
the indicated proteins. (B) The relative intensity of LC3-II and p62 protein level was quantified with ImageJ software and normalized to the actin protein level
(internal control). Values are mean + SD of triplicate points from a representative experiment (n=3), which was repeated three times with similar results. “P<0.05.
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Figure 2. Hypoxia induces autophagy responses in EC109 cells. (A) EC109 cells were cultured and exposed to 20%, 1% O, or CoCl, for 24 h. Western blot
analyzes of indicated proteins. Actin served as loading control. (B) Autophayg degree was determined by analyzing the relative intensity of LC3-II and p62
protein level described as above. Three independent experiments were analyzed. Error bars represent means + SD (n=3) "P<0.05, “P<0.01.

the RB activators pl6™** and p27 induce autophagy through
modulating E2F1 (21). Here ImageJ software was used to
analyze the ratio of LC3-II bands compared with reference
bands of actin, which demonstrated that LC3-II decreased in
senescent IMR9O cells relative to young IMR90 cells (Fig. 1B).
Taking all the previous findings into consideration, we found
that young IMR90 could produce more autophagosomes and
this may indicate that young IMRO90 cells fit better than senes-
cent cell when face hypoxia.

Hypoxia induces autophagy responses in EC109 cells. We
further extended this study to EC109 cells to verify whether
HIF-1a could also play an important role in cancer cell. EC109

cells were exposed to 20 or 1% for 24 h. Similarly, western
blot demonstrated that HIF-1a could induce autophagy by
positively modulating p27 which represses E2F1 activity
just in line with results in IMR90 cells (Fig. 2A). Given that
hypoxia can alter a variety of metabolic parameters that could
modulate autophagy activity, here we used CoCl, which is
a chemical hypoxia mimetic agent to further strengthen the
argument that hypoxia could induce autophagy. Consistently,
CoCl, resulted in a decrease of E2F1, p62 and increases of
p27 and LC3-II (Fig. 2A). LC3-II bands were also analyzed
using ImagelJ software (Fig. 2B). Taken together, these results
support that hypoxia not only induces autophagosomes in
IMROO cells but also in EC109 cells.
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Figure 3. HIF-1a induces autophagy response in EC109 cells. (A) EC109 cells were transfected with control plasmid, HIF-1a wild type (HIF-1ao WT) plasmid
and HIF-1a constitutively active form of HIF-1a (HIF-1a ACA) plasmid. 48 h after transfection, cells were harvested and cell lysates were subjected to western
blot analysis for the indicated proteins. (B) LC3-1I and p62 protein level was determined by ImagelJ software. Error bars represent means + SD (n=3) "P<0.05,

“P<0.01.

HIF-1a induces autophagy response in EC109 cells. In order
to further explore the role of HIF-1a in autophagy. Vector
control plasmid, HIF-la wild type plasmid and HIF-la
constitutive active plasmid were transfected into EC109 cells.
Consistent with above results, we observed that p27 expres-
sion was significant higher in HIF-1a ACA group than HIF-1a
wild type group and blank control group. While E2F1 and p62
presented an opposite expression profile with p27 (Fig. 3A).
To further assess autophagosome maturation, we performed
degree scanning of LC3-II which is an autophagic marker
(Fig. 3B).

P27 silence inhibits hypoxia induced autophagy. Because
E2F1 activity is negatively regulated by CDKIs, such as pl16
and p27 (22), and previous results demonstrated that p16 and
p27 could induce autophagy in some cell lines. To this end,
we presumed that HIF-1o. may modulate autophagy via pl6
and p27 pathways. Whereas pl6 has a different expression
profile with p27, so we discreetly think p27 is the downstream
target in HIF-1a induced autophagy. We then challenged the
autophagy mechanism by down-modulating p27 when in
hypoxia condition. As expected, silencing p27 in EC109 cells
decreased HIF-1a mediated processing of formation of LC3-I1
and increased p62 expression (Fig. 4A and B). Consistently,
immunoassay showed E2F1 appeared high expression when
p27 silenced (Fig. 4A). Because expression of E2F1 induces
apoptosis (23), we asked whether the cells that were transduced
with siRNA against p27 were undergoing cell death through
apoptosis. Therefore, Bcl-2 which is an autophagy inhibitor
and upregulated by E2F1 was examined (24,25). Here we
showed that repression of p27 lead to up-modulating of Bcl-2
and cleavage of PARP (Fig. 4A), contributing to the triggering
of apoptosis. To further determine whether the cause of the cell
death was apoptosis, we used flow cytometry to examine the
ability of the cells binding to Annexin V. We found that p27
silence caused about 32% of the cells to undergo apoptosis,
much higher than the control group (Fig. 4C and D). Thus, we

conclude that HIF-1a plays a role in the control of autophagy
via regulating p27-E2F1 pathway.

HIF-1a promotes tumor cell proliferation and tumorigenesis
in vivo. Given several lines of evidence indicate that HIF-1a
function contributes to tumor growth, we next examined the
effect of HIF-1a on cell proliferation and tumor growth. To
determine whether HIF-lo rendered growth advantage to
tumor cell in vivo, we performed tumor xenograft studies.
EC109 cell lines with stable expression of vector control
and HIF-la ACA were injected into the left and right flanks
of mude mice and tumor cell growth was monitored over a
period of 30 days. We found that cells expressing HIF-1a%
ACA grew at a faster rate than that the cells expressing vector
control. Representative kinetics of tumor growth are shown
in Fig. 5B. Therefore, these results demonstrate that HIF-1a
promotes cell proliferation and tumor growth by inducing
autophagy in hypoxia environment.

Discussion

As we all known autophagy is an evolutionarily conserved
process that occurs as a physiological process in normal
cells at a basal level to assure cellular homeostasis, or as a
strategic survival mechanism under hypoxia, stress and
nutrient deprivation conditions (3,26). Though various kinds
of research have focused on the mechanisms of autophagy and
several gene have been identified that could take part in the
autophagy process. However, the autophagy mechanisms that
are involved in cancer remain largely obscure. As we know
that IMROO cells have served as a non tumor control cell line
in a wide variety of studies and esophageal cancer is one of the
most malignant cancers in China (27,28). So in this study, we
used IMR90 cells and esophageal carcinoma cell line EC109
cells to investigate the role of autophagy in normal human
cell and tumor cell. Thereafter, we identified HIF-1a regulates
autophagy via modulating p27-E2F1 pathway and we uncover
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Figure 4. P27 silence inhibits hypoxia induced autophagy. (A) EC109 cells were mock or p27 siRNA transfected according to the manufacturer's protocol. Then
the mock group was exposed to 20% O,, while p27 siRNA transfected group was cultured in 1% O, for 24 h. Thereafter, total proteins from the cell lysates
were collected and analyzed for the expression of indicated proteins. (B) The ratio of LC-3 II bands were analyzed by ImageJ software. (C and D) Cells were
treated as described in A and were stained with Annexin V and analyzed by flow cytometry. Columns, mean from at least three independent experiments.

Error bars represent means + SD (n=3). "P<0.05.
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Figure 5. HIF-1a promotes tumor cell proliferation and tumorigenesis in vivo. (A) HIF-1a contributes xenograft tumor growth. EC109 cell lines (1x10°)
with control and HIF-1ao ACA were injected subcutaneously into left and right flanks of nude mice. At 30 days after injection, tumors were extracted and
photographed. (B) Tumor diameters were measured at the indicated time points and tumor volumes were calculated. “P<0.01.

a previously unidentified connection between HIF-la and
autophagy for the first time.

HIF-1a has been found to be the main reason for malig-
nant tumor survival in hypoxia (29,30). As a transcriptional
activator, HIF-la can induce the expression of kinds of
target genes, which promote angiogenesis, enhance hypoxia
tolerance (31). Here, we found HIF-1a can induce autophagy
through p27-E2F1 pathway under hypoxia which could
degrade cell constituents and supply energy for cell survival.
Our finding confirms the mechanism that autophagy is a
surveillance mechanism used by normal cells to protect them
from transformation to malignancy by removing damaged
organelles and reducing reactive oxygen species. Besides, the
autophagy mechanisms are also involved in cancer cell.

As we known E2F1 activity is negatively regulated by
CDKIs, such as pl6™%* and p27 and the E2F1 pathway
is crucial in regulating cell growth and apoptosis. So we
asked whether suppression of E2F1 by CKDIs would result
in autophagy. Here, we report that p27 positively regulates
autophagy by repressing E2F1 activity in IMR90 cells,
while pl6™%* don't take part in this pathway. This may
coincide with that p27 is a downstream gene of HIF-1
under lack of energy conditions (32). As the expression of
E2F1 induces apoptosis and we discovered that p27 silence
inhibits HIF-1a induced autophagy. Our results conclude that
p27 silence caused a higher percent of the cells to undergo
apoptosis. Thus, our results suggest that HIF-1a regulates
autophagy through p27-E2F1 pathway. P27 and E2F1
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proteins play opposite roles in the control of both autophagy
and apoptosis.

In summary, we report here that young IMR90 cells
present an increased of autophagy responses than senescence
cells when exposed to hypoxia and HIF-1a could also induce
autophagy in EC109 cells through p27-E2F1 pathway. Ablation
of p27 inhibits HIF-1a induced autophagy and promotes E2F1
induced apoptosis. Our results may shed light on understanding
the compulsive biological mechanism of autophagy.
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