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Inflammatory interferon activates HIF-1α-
mediated epithelial-to-mesenchymal
transition via PI3K/AKT/mTOR pathway
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Abstract

Background: Tumor microenvironments (TMEs) activate various axes/pathways, predominantly inflammatory and
hypoxic responses, impact tumorigenesis, metastasis and therapeutic resistance significantly. Although molecular
pathways of individual TME are extensively studied, evidence showing interaction and crosstalk between hypoxia
and inflammation remain unclear. Thus, we examined whether interferon (IFN) could modulate both inflammatory
and hypoxic responses under normoxia and its relation with cancer development.

Methods: IFN was used to induce inflammation response and HIF-1α expression in various cancer cell lines.
Corresponding signaling pathways were then analyzed by a combination of pharmacological inhibitors,
immunoblotting, GST-Raf pull-down assays, dominant-negative and short-hairpin RNA-mediated knockdown
approaches. Specifically, roles of functional HIF-1α in the IFN-induced epithelial-mesenchymal transition (EMT) and
other tumorigenic propensities were examined by knockdown, pharmacological inhibition, luciferase reporter,
clonogenic, anchorage-independent growth, wound-healing, vasculogenic mimicry, invasion and sphere-formation
assays as well as cellular morphology observation.

Results: We showed for the first time that IFN induced functional HIF-1α expression in a time- and dose-
dependent manner in various cancer cell lines under both hypoxic and normoxic conditions, and then leading to
an activated HIF-1α pathway in an IFN-mediated pro-inflammatory TME. IFN regulates anti-apoptosis activity, cellular
metastasis, EMT and vasculogenic mimicry by a novel mechanism through mainly the activation of PI3K/AKT/mTOR
axis. Subsequently, pharmacological and genetic modulations of HIF-1α, JAK, PI3K/AKT/mTOR or p38 pathways
efficiently abrogate above IFN-induced tumorigenic propensities. Moreover, HIF-1α is required for the IFN-induced
invasiveness, tumorigenesis and vasculogenic mimicry. Further supports for the HIF-1α-dependent tumorigenesis
were obtained from results of xenograft mouse model and sphere-formation assay.

Conclusions: Our mechanistic study showed an induction of HIF-1α and EMT ability in an IFN-mediated
inflammatory TME and thus demonstrating a novel interaction between inflammatory and hypoxic TMEs. Moreover,
targeting HIF-1α may be a potential target for inhibiting tumor tumorigenesis and EMT by decreasing cancer cells
wound healing and anchorage-independent colony growth. Our results also lead to rationale guidance for
developing new therapeutic strategies to prevent relapse via targeting TME-providing IFN signaling and HIF-1α
programming.
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Background
Tumor is a complex heterogeneous biomass containing
cancer cells and infiltrated leukocytes as well as extracel-
lular matrices and surrounding stromal cells, collectively
regarded as “tumor microenvironment (TME)” [1–6].
Notably, cancer cells often expose to various TMEs com-
posed of different host cells (e.g. macrophages and fibro-
blasts) and secreted soluble factors (e.g. interferon,
cytokines and BMP), where these TMEs play critical
roles in various developmental stages as well as thera-
peutic response of cancer [7–11]. These relations are
clearly illustrated by that the initiation and maintenance
of tumors dependent largely on their ability to adapt to
TME changes [12–15]. For example, epithelial-to-
mesenchymal transition (EMT) that is highly regulated
by cellular niches convert epithelial cells into migratory/
invasive mesenchymal cells and TME-induced patho-
logical EMT also contributes cancer progress, especially
metastasis. Moreover, the fact that paracrine interactions
within TMEs also greatly impact on tumorigenesis sug-
gests TMEs not only bi-directionally communicate with
tumor cells but crosstalk to each other [4, 5, 16–18].
Furthermore, it has been shown that adaptive responses
in glucose metabolism contribute to macrophage migra-
tory capacity during hypoxic condition and the later ac-
quired therapeutic resistance of tumor cells depends
largely on their ability to interact with TMEs [5, 6, 8, 19,
20]. Therefore, TMEs might present as novel anticancer
targets in addition to oncogenic alterations in tumors.
Perhaps the most direct evidence that TME affects

cancer development is that patients suffered from chron-
ically inflamed tissues generally exhibit a high cancer in-
cidence [21, 22]. Patients with ulcerative colitis (UC),
one form of inflammatory bowel diseases (IBD), develop
colon cancer with a 20-fold overall risk in comparison
with population controls [23]. Chronic stimulation of in-
nate immunity is known to promote inflammation-
driven tumorigenesis and induce cancer progression.
Through releasing a variety of cytokines, chemokines,
and cytotoxic mediators such as reactive oxygen species,
metalloproteinases, interleukins (ILs), and interferon
(IFN), these immune components are considered key
pathological inflammatory factors promoting tumor pro-
gression [22, 24, 25]. In addition, hypoxia is also a key
feature of microenvironments in inflammatory condi-
tions, for example, arthritis [17, 26] and solid tumors
often situate in a hypoxic inflammatory TME due to the
rapid growth [27–30]. Notably, both hypoxic and inflam-
matory responses could have pro- and/or anti-
tumorigenic influences on oncogenic development,
allowing cells to adjust the optimal cellular context via
“outside-in” signaling with regulated transcription pro-
gramming directed by master factors like hypoxia-indu-
cing factors (HIFs, mainly HIF-1α), signal transducers,

activators of transcription family (STAT, such as STAT1)
and NF-κB [21, 22]. These two TMEs communicate to
each other as well as oncogenic programs as evidenced
by (i) interactions of HIF-1α-directed hypoxic responses
with the NF-κB-mediated inflammatory programs [7, 31,
32]; (ii) HIF-1α directs tumorigenic EMT; and (iii) HIF-
1α interacts with oncogenic factors such as Myc and Ras
oncogenes [6, 11, 33–38]. Though molecular mecha-
nisms underlying the crosstalk of TMEs with oncogenic
programs remain largely unclear, modulations of hypoxic
inflammatory responses have been seriously considered
as an attractive novel target for cancer therapy [29, 39].
Under hypoxia, HIF-1α protein is stabilized and its ac-

tivity is increased mainly due to blockage of hydroxyl-
ation and proteasome degradation, followed by
activation of a defined set of transcriptional program-
ming. This set of target genes encodes proteins function-
ing in cellular processes such as erythropoiesis,
glycolysis, EMT, metastasis, angiogenesis, therapy resist-
ance and poor prognosis [29, 39–43]. Similar to HIF-1α,
NF-κB is a master transcription factor (TF) inducing ex-
pression of diverse target gene sets, thus playing an in-
strumental role in immune, stress and pathological
inflammatory TME responses [44]. Despite of the fact
that NF-κB has identified as a redox-sensitive TF, it also
binds to the promoter of the HIF-1α gene and mediates
HIF-1α expression under IL-1β, INF-γ, TNF-α and other
cytokine treatments in normoxia [45–48], providing a
hint that inflammatory and hypoxic transcription pro-
grams are linked. In addition, the master TF STAT3 not
only mediates inflammatory IFN response and regulates
expression of AKT but also involves in the growth
signal-induced HIF-1α expression [49].
Cytokines such as IFN-α, through receptor interac-

tions and subsequent induction of IFN-stimulated genes
(ISGs) expression, play critical roles in inflammation
[36]. IFN-α signaling pathways include the classical
JAK–STAT and other auxiliary pathways such as the
PI3K/mTOR/AKT and MAPK-P38 axes, and dysfunction
in signaling of PI3K/PTEN/AKT/mTOR, Wnt/GSK-3
and/or Ras/Raf/MEK/ERK axes is associated tightly with
cancer progression and therapeutic resistance [50]. Not-
ably, inflammatory hypoxia, mainly through expression
of HIF genes, contributes significantly to tumor malig-
nance and metastasis in various cancer types. In sum,
above findings provide a mechanistic involvement of the
IFN-induced signaling and transcription programming
with cancer development and metastasis that operate co-
operatively with interactions with extracellular constitu-
ents of TME. With progressive release of pathological
inflammatory cytokines and growth-induced tumor hyp-
oxia, the transformed and infiltrated inflammatory cells
of TME facilitate tumor growth and metastasis [10, 18,
46, 51]. It is therefore reasonable that IFN might,
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through activation of these above pathways, play a crit-
ical role in hypoxia and tumorigenesis.
Previously, our group has demonstrated a novel ISGy-

lation of HIF-1α (a form of posttranslational modifica-
tion), which leads to a negative feedback loop of hypoxic
response during inflammatory IFN stimulation [36].
Here, we presented experimental data supporting that
IFN-α promotes tumorigenic propensities through up-
regulation of HIF-1α functions: (i) IFN-α induced ex-
pression of HIF-1α at transcriptional level; (ii) IFN-α ac-
tivated the JAK/PI3K/PTEN/mTOR/AKT and Ras/p38/
MEK/ERK signaling pathways to induce HIF-1α expres-
sion; (iii) HIF-1α-mediated expression of EMT genes
and elevated wound-healing, invasion, EMT and anti-
apoptotic abilities were observed upon IFN-α exposure;
and (iv) correspondingly, pharmacological modulations
of JAK, PI3K and MAPK-p38 significantly reduced the
IFN-α-promoted tumorigenic and metastatic propen-
sities. Thus, our results link the IFN-α-mediated inflam-
matory response to the HIF-1α expression and to
tumorigenic and metastasis progression, providing evi-
dence for a novel metastasis-promoting mechanism of
cancer when situates in inflammatory hypoxia microen-
vironments. Pharmacological targeting of cancer cells on
the reliance of supporting TMEs would seem a promis-
ing therapeutic avenue and our study might present such
an example.

Methods
Chemicals, plasmids, antibodies, cell lines and small
interference siRNA
All chemicals and antibodies unless described otherwise
were from Sigma and Cell signaling, respectively. Manu-
mycin A and rapamycin were from ENZO, FH535 and
JAK inhibitor I were from Calbiochem, while SP600125
and 2-methoxy-estrodiol were from Cayman. AKT inhibi-
tor IV, IFN-α-2a and IFN-γ were from Santa Cruz, Roche
and Peprotech, respectively.17-AAG was from Medchem
Express. Plasmids pshHIF-1α, pXP2-Twist-HRE and pRL-
tk were from Dr. KJ Wu (CMU, Taiwan), and both pHA-
GSK3β-WT and pHA-GSK3β-S9A plasmids were kindly
provided by Dr. J. Sadoshima (PSU, USA). GST-Raf plas-
mid was a kind gift from Dr. TL Shen (NTU, Taiwan).
IkBα-M mutant was a gift from MR Chen (NTU, Taiwan).
The plasmids including pHA-HIF1α-DM and pBabe-HA-
VHL were obtained from Addgene. Antibodies against fi-
bronectin, vimentin, actin (Sigma), HIF-1α, HIF-1β, E-
cadherin, N-cadherin, β-catenin, Bcl-2, MCL-1 (BD Bio-
science), STAT1Y701 (Invitrogen), CA9, Glut1, PGK1,
4EBP1, MDR1, S6K, S6 and mTOR, Survivin (Genetex),
IFN-alpha antibody (R&D systems, MN, USA), Bmi1
(Millipore Inc.) were obtained commercially. STAT1 anti-
body was from Dr. CK Lee (NTU, Taiwan). Human 769-P,
Caki-1 renal carcinoma, MDA-MB-231, MDA-MB-453,

MCF7 breast cancer, SKOV3 ovarian cancer, SW480,
DLD-1, LoVo, COLO205, HT29, RKO, Ls 174 T colorec-
tal cancer cell lines were from ATCC and cultivated in
DMEM media (except Ls174T in MEM media) with 10%
fetal bovine serum (FBS), 2 mM glutamine, 100 units/ml
penicillin and 100 μg/ml streptomycin in a 37 °C incuba-
tor. Simulated hypoxia was achieved by either exposure to
260 μM desferoxamine or placing cells in a hypoxia incu-
bator (1% O2, 5% CO2 and 94% N2, ASTEC). Ambion
STAT1 (s278), RELA/NF-κB (s11914, Life Technologies)
siRNAs and ON-TARGETplus SMARTpool siRNAs tar-
geting Akt or mTOR (GE Dharmacon) were purchased
commercially.

RNAi knockdown, transfection and immunoblotting assay
RNAi-mediated knockdown of gene expression was
achieved by either transfection of siRNAs or pshHIF-1α
plasmid. Transfection of siRNAs (0.1–0.3 μM) and plas-
mids were conducted respectively using Lipofectamine
RNAiMAX (Invitrogen) and Lipofectamine 2000 (Life
Technology) with the manufacturer’s protocols. After
48 h, cells were harvested and lysed for immunoblotting
assay as described [36].

Reverse transcription-polymerase chain reaction, luciferase
reporter and colonogenic assays
RT-PCR and luciferase reporter assay were employed
to determine gene expression. Trizol-isolated RNA
were reversely transcribed by random primers and
SuperScript III reverse transcriptase (Invitrogen) and
cDNA pools were amplified with following primers
(MB Mission Biotech): 5-‘ATGGATCCAATGGTTCT
CACAGATGAT-3’ and 5’-ATGATATCTTATACGTGA
ATGTGGCCTGT-3′ for HIF1α; 5’-TCCACCGCTAT
GGGGAG AGCA-3′ and 5’-AGCTCCAGGATGGT
GACCTTC-3′ for Glut1; 5′-ATG TCCACCAGGT
CCGTG -3′ and 5’-GGATTTCCTCTTCGTGGAGT-
3′ for Vimentin; 5’-ATGCCGCGCTCCTTCCTGGTC-
3′ and 5’-TAATGTGTCCTTGAAGCAACCA GG-3′
for Slug; 5’-TCATGGCCAACGTGCGGGAGC-3′ and
5’-CCAGACCGAGA AGGCGTAGCT-3′ for Twist;;
5’-AGCTACTGCCATCCAATCGC- 3′ and 5’-GGGC
GAATCCAATTCCAAGAG-3′ for VEGF-A; 5’-
GCTGGAAGGTGGACAGCGAG- 3’and 5’-
TGGCATCGTGATGGACTCCG-3′ for β-actin as a
normalization control. PCR products were separated
on 2% agarose gel, stained and visualized with a
Dolphin-Doc system (Wealtec). Both luciferase re-
porter and clonogenic assays were done as described
[36].

Wound-healing and invasion assays
Wound-healing and invasion assays were used to deter-
mine cellular migratory and invasion abilities of cells.
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Cells (~ 80% confluent) were exposed with or without
inhibitors for 30 min and treated with IFN-α for another
24 h. For wound-healing assay, cells were scrapped
smoothly to generate gap and images were captured. For
invasion assay, 1.25 × 105 cells were seeded into
Matrigel-coated transwell inserts (8-μm pore size) with
different treatments in serum-free medium, and 10%
FBS media in lower chamber acting as chemoattractant.
After 48 h, cells those did not invade were wiped out
with cotton swab and those invaded into the underside
of membranes were fixed in methanol, stained with 0.5%
crystal violent and scored under a microscope (100X ob-
jective). Six fields of each sample were captured to
evaluate the average number of invaded cells.

GST-Raf pull-down assay for activated Ras
GST-Sepharose beads (20 μl, GE Healthcare) was incu-
bated with bacterial lysates with GST or GST-Raf fusion
proteins in a final volume of 300 μl of buffer A (1 mM
DTT, 20% glycerol, 50 mM Na2H2PO4 pH 8.0, 300 mM
NaCl and 1 mM PMSF) at 4 °C for an hour with rota-
tion, washed 5 times with 0.8 ml of buffer A with 1%
Triton X-100 and once with 0.8 ml of buffer B (10 mM
Tris pH 7.5, 1 mM EDTA, 210 mM NaCl, 15% glycerol,
0.25% NP-40, 1 mM DTT, 1 mM Na3VO4, 1 mM PMSF
and 1X protease inhibitor cocktail. Beads were then
reacted with a 300 μl mixture containing cell lysates, 1X
protease inhibitor cocktail, 1 mM DTT and 1 mM PMSF
at 4 °C for hour with rotation, washed 3 times with buf-
fer B, boiled for 7 min in 1X SDS sample buffer, and
then subjected to immunoblotting analysis.

Extraction of cytoplasmic and nuclear fraction protein
Fractionation of 769P cells was performed using NE-
PER nuclear and cytoplasmic extraction reagents accord-
ing to manufacturer protocol (Thermo Scientific). The
protein contents of cytoplasmic (supernatant) and nu-
clear extracts were determined by electrophoresis and
immunoblotting analyses.

The vasculogenic mimicry (VM) assay
The VM assay was performed with matrigel (Corning)
following the manufacturer’s protocol. Briefly, Matrigel
was thawed at least for two hours at 4 °C. 100 μl of the
de-thawed matrigel was used to coat the wells of a 96
well plate and was allowed to polymerize for 2 h at 37 °
C. After equilibrating the gel with the complete growth
medium, 4 × 104 cells were seeded in each well and incu-
bated for 24 h. The tube formation was observed under
a phase contrast microscope.

The anchorage-independent cell growth/ soft- agar assay
For the soft agar assay, cells (2 × 104) exposed to
pharmacology inhibitors or not were mixed with 2 mL

of 0.3% agarose-low EEO (Bionovas)-containing DMEM
and then overlaid onto a 2 mL layer of pre-coated 0.6%
agarose-containing DMEM in 6-well plates. After culti-
vation for 3–4 weeks, colonies were stained using
0.005% crystal violet and the number of colonies was
scored on 6 random fields triplicate under microscope
in three independent experiments.

Sphere-formation and xenograft tumor growth assays
Here, sphere-formation and xenograft tumor assays were
employed to determine the tumorigenic activities of hu-
man 769P renal cancer cells with IFN-α treatment and/
or HIF-1α knockdown in vitro and on nude mice in vivo
[36, 52]. For the sphere-formation assay, cells were
transfected with pSuper vector control or pshHIF-1α
plasmid for one day, followed by addition of IFN-α
(1000 U/ml, 24 h) and then cells were counted and
plated at a cell density of 1000 cells per well in ultra-low
attachment 24-well plate (Corning) containing 1 ml of
serum-free DMEM/F12 supplemented with 2% B27
(Invitrogen), human recombinant fibroblast growth fac-
tor 2 (FGF-2, 20 ng/ml) and epidermal growth factor
(EGF, 20 ng/ml, Peprotech). Severn days after plating,
total sphere colonies formed in each well were counted
under microscope. The protocol for animal experiments
was designed in accordance with the guidelines of the
Institutional Animal Care and Use Committee and ap-
proved by the same (No. 20160242). For the tumorigenic
xenograft model, 4- to-5-week-old BALB/c nude mice
were supplied by Bio LASCO and the experiment was
carried out in the Animal Center at National Taiwan
University College of Medicine (NTUCM) and main-
tained in the specific pathogen-free (SPF) facility. A total
of 107 cells were re-suspended in 100 μl mixture con-
taining 50 μl of 1X PBS and 50 μl of matrigel, and then
injected subcutaneously into the dorsal region of the
nude mice. Tumor size was measured every 2-to-4 days
using calipers and tumor volumes were estimated by the
following formula: V = ab2/2 (a, length; b, width).

Quantitative measurements and statistical analyses
Quantitative measurements of obtained results were per-
formed using ImageQuant program (Molecular Dynam-
ics) and presented as the mean ± standard error of mean
(S.E.M.) of at least three independent experiments (n ≥
3). Statistical analyses were performed using the simple
Student’s t-test. Data were considered to be significant if
the P value was less than 0.05 (P < 0.05).

Results
Tumor heterogeneity existed in the interferon (IFN)-
induced up-regulation of functional HIF-1α
Hypoxia and inflammatory responses play critical roles in
TME and their dysfunction often link to tumorigenesis.
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Our previous study has shown a novel negative regu-
latory loop of HIF-1α activity by induction of IFN-
stimulated gene 15 (ISG15) and ISGylation [36]. Here,
we further examined potential effects of IFN-α on
HIF-1α expression in a panel of renal, breast, ovary
and colorectal cancer cell lines (Fig. 1a). Heteroge-
neous basal levels of HIF-1α were observed, but not-
ably, IFN-α stimulated increased expression of HIF-1α
in ~ 84.6% (11/13) of cell lines examined. Based on
the above results, we thus chose the most prominent
769-P cells as a model system for following studies
and observed a dose- and time-dependent IFN-α in-
creased HIF-1α expression in 769-P cells (Fig. 1b and
c; quantitative data, lower panels). Notably, this re-
sponse is directly mediated through the IFN-α signal-
ing as evidenced by the observation that antibodies
against IFN-α showed a dose-dependent blockage of
the IFN-induced HIF-1α expression (Fig. 1d). More-
over, HIF-1β expression level was only minimally af-
fected by IFN-α treatment (Fig. 1e) and only IFN-α
and IFN-γ but not lipopolysaccharide (LPS), stimu-
lated HIF-1α expression (Fig. 1f ). Furthermore, IFN-α
induced an increased HIF-1α expression was majorly
in the nucleus fraction, indicating its functional role
IFN inflammatory response (Fig. 1g).
Next, we sought to examine mechanism(s) underlying

this IFN-α-induced HIF-1α expression and whether
functional HIF-1α pathway is activated by IFN-α? RT-
PCR results revealed that IFN-α induces HIF-1α mRNA

expression (Fig. 2a) and DRB transcription inhibitor
blocks the IFN-α-induced HIF-1α expression (Additional
file 1: Figure S1A). HIF-1α is a master hypoxia transcrip-
tion factor mediating expression of a defined set of genes
with different physiological and pathological functions,
such as epithelial–mesenchymal transition (EMT),
angiogenesis and metastasis (i.e. termed hypoxic re-
sponses). In Fig. 2b, mRNA levels of HIF-1α-targeted
genes SLC2A1, Vim, VEGFA, SNAI2 and Twist were in-
duced by IFN-α treatment suggesting that elevated HIF-
1α proteins in IFN inflammatory response are func-
tional. Consistently, we have found that IFN-α induced
HIF-1α transcriptional activity on the Twist promoter
using a reporter assay (Fig. 2c). Moreover, IFN-α could
also induce protein expression of two HIF-1α-targeting
genes (CA9 and PGK1) and EMT marker fibronectin
under both normoxia and desferoxamine (DFX) -in-
duced mimetic hypoxia conditions (Fig. 2d). Further-
more, IFN-α induced HIF-1α expression in the
presence of proteasome inhibitor MG-132 but IFN-α
did not affect HIF-1α degradation (Additional file 1:
Figure S1B-C). Consistently, IFN-α induced HIF-1α
expression in the VHL-deficient 769-P cells expressing
functional VHL E3 ligase (Additional file 1: Figure
S1D). In addition, though HIF-1α level changes dur-
ing the course of hypoxia TME (1% O2 for 3, 6, 9 or
12 h), IFN-α could still induced HIF-1α expression at
the 6- and 9- h treatment of 1% O2 (Additional file
2: Figure S2).

a

d e f g

b c

Fig. 1 Interferon-α-induced up-regulation of HIF-1α expression in cancer cells is heterogeneous, but concentration- and time-dependent. a Most
of cancer cell lines responded to interferon-α (IFN-α) with higher HIF-1α protein expression. b-c IFN-α induced HIF-1α expression in 769P cells is
dose- (b, fix 24 h, indicated dosage) and time-dependent (c, fixed 1000 units/ml IFN-α, indicated times). d IFN-α specific antibody attenuated IFN-
α induced HIF-1α expression, (e) 769P cells treated with IFN-α for 24 h had a dose-dependent (500, 1000 and 3000 units/ml) elevated expression
of HIF-1α and ISG15, but not that of HIF-1β. f IFN-α (1000 units/ml) and IFN-γ (100 ng/ml), but not lipopolysaccharide (LPS, 10 μg/ml), greatly ele-
vated HIF-1α expression. g IFN-α induced HIF-1α expression was majorly on the nucleus fractions, but not cytoplasm
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JAK and Ras axes contribute to HIF-1α expression induced
by IFN-α
Using pharmacological and genetic approaches, we next
examined which signaling pathways, including classical
JAK-STAT pathways and auxiliary pathways such as
MAPK-P38 and PI3K/mTOR/AKT axes, contribute to
the IFN-α-induced HIF-1α expression? IFN-α treatment
activated JAK kinase as evidenced by phosphorylation of
STAT1 at Tyrosine 701 (Fig. 2e, STAT1Y701, comparing
lane 1 and 2) and JAK inhibitor (JAKi) blocked both the
IFN-α-induced STAT1Y701 and HIF-1α expression (lane
2 and 3). We also found IFN-α activated Ras pathway as
that GST-Raf proteins pulled down more activated
Ras from the IFN-α-treated extract (Fig. 2f,comparing
lane 5 to 6) and consequently Ras farnesyltransferase
inhibitor Manumycin A reduced the IFN-α-induced HIF-
1α expression (Fig. 2g,comparing lane 2 to 3). Together,
our results thus suggested an activated JAK and Ras axes
regulates the IFN-α-induced HIF-1α expression.
We further determined whether the downstream Raf/

p38/ERK/JNK pathways and PI3K/mTOR/AKT are in-
volved in the JAK- or Ras-directed HIF-1α expression
induced by IFN-α. First, we found that IFN-α activated
mTOR (including mTORS2448, S6KT389, S6S235/236, and
4EBP1T37/46; Fig. 3a), AKT (including AKTS473, IκBαS32
and GSK3βS9; Fig. 3b) and p38/ERK/JNK pathways (in-
cluding c-FosS32 and c-JunS73, Fig. 3c). Consistently, inhib-
itors of PI3K (LY294002, Fig. 2e), mTOR (rapamycin), p38

(SB203580), ERK (PD98059, Fig. 3d) and JNK (SP600125,
Fig. 3e) all reduced the IFN-α-induced HIF-1α expression.
Moreover, expression of dominant negative p38 mutant
(p38-DN) also resulted in a caused a decrease in the IFN-
α-induced HIF-1α expression (Fig. 3f).

JAK with PI3K/PTEN/mTOR/AKT/GSK3β/β-catenin axis and
of Ras with p38/MEK/ERK/JNK pathway regulate the
IFN-α-induced HIF-1α expression
The above observation that LY294002 affected the
IFN-α-induced HIF-1α, but not STAT1Y701 expression
(Fig. 2e) indicates no role of STAT1 in the IFN-α-
induced HIF-1α expression. Consistently, si-STAT1
knockdown only minimally impacted the IFN-α-
induced HIF-1α expression in normoxia and hypoxia-
mimetic desferoxamine (DFX) treatment (Additional
file 3: Figure S3A).
In Fig. 4a, we found that the IFN-α-induced AKTS473

and HIF-1α expression were both reduced by LY294002
or rapamycin co-treatments (quantitative data, right
panel) and thus suggesting a potential involvement of
the PI3K/AKT/mTOR pathway. In this regard, si-AKT,
si-mTOR or AKT inhibitor iv (AKTi) all reduced the
IFN-α-induced HIF-1α expression (Fig. 4b-c). Consist-
ently, expression of AKT-DN only decreased HIF-1α ex-
pression induced by IFN-α but not by DFX treatment
(Fig. 4d). Moreover, ectopic expression of negative
regulator PTEN also blocked both the IFN-α-induced

a

e f g

b c d

Fig. 2 Functional HIF-1α expression induced by interferon-α depends on active transcription. a Analysis of HIF-1α mRNA level revealed a transcrip-
tion dependence of IFN-α-induced HIF-1α expression. b-d IFN-α-increased HIF-1α proteins are functional as evidenced by RT-PCR analysis of ele-
vated mRNA levels of HIF-1α-targeting genes (b), luciferase reporter assay with Twist promoter upon treatment with IFN-α (500 and 1000 units/
ml) (c) and immunoblotting analysis of higher protein expressed of HIF-1α target genes CA9 and PGK1 under normoxia and hypoxia (d). Cells
were treated with 1000 units/ml IFN-α for 24 h (unless indicated otherwise) before lysis and subsequent analyses. **, P < 0.01; ***, P < 0.001 (e)
IFN-α treatment activated JAK pathway as shown by phosphorylation of STAT1Y701 and both JAK (JAKi, 10 μM) and PI3K inhibitors (LY294002, LY,
10 μM) abrogated HIF-1α expression. f IFN-α activated Ras pathway. IFN-α-treated cell lysates (24 h) were subjected to Raf pull-down assay for the
level of activated Ras. g Ras farnesyltransferase inhibitor Manumycin A (Man A, 10 μM) inhibited HIF-1α expression
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HIF-1α (Fig. 4e), and AKTS473 expression (Additional file 3:
Figure S3B).
Many downstream pathways, such as GSK3β and IKK/

IκB/NF-κB, play important roles in the AKT-mediated
cellular responses. Here, we showed that IFN-α treat-
ment induced GSK3βS9 phosphorylation and subsequent

GSK3β degradation (Figs. 3b and 4f and Additional file
3: Figure S3B). Ectopic expression of GSk3β-S9A mu-
tant, but not GSK3β-WT, reduced the IFN-α-induced
expression of HIF-1α (Fig. 4g). Moreover, β-catenin in-
hibitor FH535 also reduced the IFN-α-induced expres-
sion of HIF-1α, cyclin D1, and active β-catenin

a

d e f g

b c

Fig. 4 The IFN-α-induced HIF-1α expression is mediated through downstream PI3K/AKT/mTOR/GSK3β pathway. a Both the activation of AKTS473
and HIF-1α expression induced by IFN-α were blocked by co-treatment of PI3K (LY, 10 μM) or mTOR inhibitors (Rapa 0.1 μM). Quantitation data is
shown in the right. b-e The IFN-α-induced HIF-1α expression is PI3K/AKT/mTOR-dependent. HIF-α expression is abrogated in si-AKT and si-mTOR
knockdown cells (b), by exposure to AKT inhibitor iv (AKTi, c), in the AKT-DN- (d) and PTEN-expressing cells (e). f IFN-α treatment activates time-
dependent GSK3βS9 phosphorylation and degradation. g Phosphorylation of GSK3βS9 is involved in the IFN-α induced HIF-1α expression. Inhibi-
tors were pretreated 30 min before exposure to IFN-α and subsequently corresponding experiments were carried out as described in “Methods”.
Transient plasmid transfections were performed as described 24-h before treatments. *, P < 0.05; N.S., non- significant

a

d
f

e

b

c

Fig. 3 IFN-α exposure activates downstream AKT/mTOR/GSK3β, NF-κB and MAPK/JNK signaling pathways. a-c IFN-α treatment leads to extensive
activation of the mTOR (a), AKT, GSK3β, IκBα (b) and JNK pathways (c). d-e Pharmacological inhibition of PI3K (LY, 10 μM), mTOR (rapamycin, Rapa,
0.2 μM), p38 (SB203580, SB, 20 μM), ERK (PD98059, PD, 40 μM; d, quantitation data, right panel) and JNK (SP600125, SP, 5, 10, 20 μM; e) all led to
reduction of IFN-α-induced HIF-1α expression. f Functional blockage of p38 kinase in the p38-DN-expressing cells reduced HIF-1α expression
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(Additional file 3: Figure S3C-D). Further, IFN-α treat-
ment only slightly activated IKK/IκBαS32 pathway and
subsequent IκBα degradation (Fig. 3b and Additional file
4: Figure S4A). In agreement, IKK inhibitor sulfasalazine,
expression of IκBα non-degradable mutant (IκBα-M)
and si-p65 only affected the IFN-α-Induced HIF-1α ex-
pression minimally (Additional file 4: Figure S4B-D).

IFN-α treatment induces expression of EMT genes,
wound-healing, invasion, and anti-apoptotic abilities
where HIF-1α plays a critical role
Our and other studies have shown that elevated expression
of functional HIF-1α leads to elevated expression of EMT
genes (Fig. 2a), wound-healing and invasion abilities. Here,
we found IFN-α could effectively increase wound-healing
abilities (Fig. 5a), expression of mesenchymal marker pro-
teins (fibronectin, vimentin and N-cadherin), but decrease
expression of epithelial protein E-cadherin (Fig. 5b-c) thus
leading to conversion of epithelial into mesenchymal cells
(Fig. 5d, upper panel) and promote tubule formation (Fig.
5d, lower panel). We therefore examined whether above
IFN-α-induced biological effects are mediated through HIF-
1α. In Fig. 5e, sh-HIF-1α successfully knocked down HIF-1α
expression (comparing lane 2 to 3) as well as reversed the
IFN-α-induced increase in fibronectin level and decrease in
E-cadherin level. In Fig. 5f, IFN-α treatment increased the
invasion ability, which is likely mediated by HIF-1α since sh-
HIF-1α (left panel) reduced the IFN-α-induced invasion abil-
ity (middle panel and quantitative data, right panel). In
addition, IFN-α also induced vasculogenic formation and
sh-HIF-1α knockdown destruction of vasculogenic forma-
tion (Fig. 5g, right panel) and the decreased HIF-1α down-
stream gene CA9 expression (Fig. 5g, left panel). Inhibitors
of HIF-1α, camptothecin (CPT; targeting topoisomerase I,
Top1), etoposide and mitoxantrone (VP and MX, targeting
Top2), Tanespimycin (17-N-allylamino-17-de- methoxygel-
danamycin (17-AAG, targeting HSP90) and 2-methoxy-
estradiol (2-ME), all showed concentration dependent in-
hibitory effects on the IFN-α-induced HIF-1α expression in
both 769-P (Fig. 6a) and Caki-1 cells (Fig. 6b).
Notably, we also found that IFN-α promoted cancer

cell survival as evidenced by higher colony number of
IFN-α-treated cells in a clonogenic survival assay (Fig.
6c; quantitative results, lower panel) and reduced apop-
totic cleavage of PARP-1 (Fig. 6d). These might be re-
lated to our observation that IFN-α increases Bcl-2
expression (Fig. 6e, comparing lane 1 to 2). Consistently,
IFN-α co-treatment also reduced apoptotic PARP1
cleavage caused by MX (Additional file 5: Figure S5A).

PI3K and MAPK inhibitors modulate IFN-α-promoted
apoptotic, wound-healing and invasion abilities
In Fig. 6e, IFN-α-induced elevated Bcl-2 expression (i.e.
possibly anti-apoptotic activity) was reduced by co-

treatments of LY294002 (comparing lane 2 to 3), JAKi
(comparing lane 2 to 4) or SB203580 (comparing lane 2
to 5). Thus, we investigated whether these pharmaco-
logical inhibitors have a medical intervention in prevent-
ing above IFN-α-induced tumorigenic propensities in
inflammatory microenvironment? Our results revealed
that LY294002 and SB203580 could both effectively in-
hibit not only IFN-α-induced wound-healing (Fig. 6f )
but also invasion abilities (Fig. 6g, left panel; middle
panel,quantitative data; Additional file 5: Figure S5B, lar-
ger images). Notably, pharmacological effects of
LY294002 and SB203580 were correlated with their abil-
ities to inhibit HIF-1α and downstream fibronectin pro-
tein expression (right panel). Armed together, our results
clearly showed that pharmacological inhibitors could in-
hibit the IFN-α-induced, HIF-1α-mediated pro-
tumorigenic propensities during inflammatory TME and
thus maybe of some therapeutic intervention.

Functional HIF-1α is required for IFN-induced tumorigen-
esis, invasion, and vasculogenic mimicry
Since the IFN-α-induced HIF-1α expression plays a po-
tential role in inflammatory tumor-environment, we next
sought to determine possible tumor propensities offered
by IFN-α in TME. Anchorage-independent growth of
colony formation was carried out to examine the effect
of IFN-α on tumorigenesis. As shown in Fig. 6i, IFN-α
did promote colony growth on this-soft agar assay. This
tumorigenic growth is dependent on HIF-1α, since when
endogenous HIF-1α was knocked down by plasmid-
mediated shHIF-1α expression (pshHIF-1α), the IFN-α-
induced colony formation was reduced significantly (Fig.
6i: left panel, quantitative data). Moreover, the tumori-
genic growth was also partially compensated by express-
ing degradation-defected HIF-1α-PA. As a positive
control, HIF-1α-PA expression alone led to an increased
colony formation similar to that by IFN-α. To further
support the notion that HIF-1α plays a pivotal role in
the IFN-α-mediated biological effects, we then examined
a series of HIF-1α functional inhibitors in inhibiting the
IFN-α-mediated biological functions. In Fig. 7a,
LY297002, JAKi inhibitor, 17-AAG or 2-ME all dimin-
ished the tumorigenic growth on soft-agar (Fig. 7a; right
panel, quantitative data), migration ability (Fig. 7b; right
panel, quantitative data) and tubule formation of vascu-
logenic mimicry (VM, Fig. 7c) stimulated by IFN-α treat-
ment. Consistently, the IFN-α-stimulated expression of
the HIF-1α downstream genes including fibronectin,
survivin, Bmi1, MCL1 and Bcl2 were also abolished with
co-treatments of above inhibitors, suggesting the key
role of HIF-1α in the IFN-α-induced phenomena in
inflammatory-hypoxia TME (Fig. 7d). Lastly, we showed
that anti-a-specific antibody also effectively antagonize
the IFN-α-induced changes of biomarker expression of
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EMT (vimentin; Additional file 6: Figure S6A) and stem-
ness (Bmi1; Additional file 6; Figure S6B).
As shown above, HIF-1α is required for IFN-α induced

tumorigenic propensities by determining colony-
formation, invasion and vasculogenic mimicry abilities in
vitro with cell culture. To better understand the IFN-
stimulated processes and to support the above notion

that HIF-1α is required for tumorigenic propensities of
IFN-treated cells, we carried out sphere-formation assay
by growing differently treated cells in secondary (self-re-
newal) sphere culture and in vivo studies using xenograft
tumor model. The HIF-1α-deficient cell lines formed
sphere colonies significantly less frequently than pSuper
vector-transfected cells in despite of with or without

a

c

f

g

d e

b

Fig. 5 Funtional HIF-1α expression plays a critical role in IFN-α-stimulated tumorigenic propensities. a Wound-healing ability is increased upon
IFN-α exposure. Gap images were captured under microscope at post-treatment time of 0 and 17 h. b-d IFN-α regulates protein expression of
EMT genes, including up-regulation of mesenchymal marker proteins (b, quantitation data, right panel) and decrease in epithelia marker E-
cadherin (c), and promotes EMT ability (d). The images of cellular morphology upon IFN-α stimulation were changed. In the 2D assay (the upper
panel), cells were treated with or without IFN-α for 5–6 days and in the 3D assay (the lower panel), the vasculogenic mimicry of cells with or with-
out IFN-α for 24 h. The images of both of them were observed under the phase contrast microscope. e-g The elevated expression of fibronectin
expression, reduced E-cadherin expression (e), enhanced invasion activity (f, quantitation data, right panel) and increased vasculogenic mimicry (g;
quantitation data, right panel) caused by the IFN-α treatment all are mediated through up-regulation of functional HIF-1α. *, P < 0.05 (g) The IFN-
α-induced higher HIF-1α and downstream gene CA9 expression and knockdown of HIF-1α (left panel), totally block the expression of them and
the destruction of tubule formation (right panel).The corresponding levels of HIF-1α after IFN-α treatment and/or sh-HIF-1α knockdown were de-
termined by immunoblotting analysis and shown (e, top column; f-g, left panels).*,P < 0.05
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acute exposure of IFN (Fig. 7e, compared pSuper to
pshHIF-1α). In addition, the in vivo tumor formation
rate and tumor growth are also much lower in the psh-
HIF-1α cells (Fig. 7f ). It is also interesting to note that

the initial time of measurable tumors of IFN-treated
cells after inoculation is earlier than those of cells with-
out acute exposure of IFN despite of HIF-1α expression
status (e.g. three out of four mice with pSuper + IFN

a

c

g

i

h

d

e

f

b

Fig. 6 Inhibitors of HIF-1α and IFN-α-downstream signaling molecules also affect the levels of IFN-α-stimulated tumorigenic propensities. a-b
Pharmacological modulating HIF-1α level by different inhibitors resulted in concentration-dependent effects on IFN-α-induced HIF1α expression
in both 769-P (a) and Caki-1 cells (b). Cells were first treated with commercially available HIF-1α inhibitors, including compounds targeting
Top1 (camptothecin, CPT), Top2 (etoposide, VP; mitoxantrone, MX) and HSP90 (17-N-allylamino-17-demethoxygeldanamycin, 17-AAG) as
well as 2-methoxy-estradiol (2-ME), and then subjected to Western blotting analysis. c-e, Cellular IFN-α exposure enhanced clonogenic
survival (c, quantitation data at the bottom), reduced apoptotic PARP1 cleavage (d) and increased Bcl-2 expression (e). (f-h) PI3K (by LY),
p38 (by SB) inhibition or JAKi caused great reductions in the IFN-α-promoted wound-healing (f), invasion (g, quantitation data, right
panel) and EMT activities (h) of 769-P cells. In most of the experiments, cells were exposed to 1000 units/ml IFN-α for 24 h before lysis
and subsequent analyses. i The IFN-α-stimulated anchorage growth ability is positively related to the expression of HIF-1α (The soft-agar
data, left panel; immunoblotting data, middle panel; quantitation data, right panel). The reduction and higher expression of HIF-1α levels
are achieved by introducing sh-HIF-1α and HIF1α -PA plasmids respectively into 769-P cells. *, P < 0.005;** P < 0.01;*** P < 0.001
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cells and two out of four mice with pSuper cells are with
measurable tumor formed at 18th day after inoculation).

Discussion
Tumor microenvironment (TME) provides supportive
niche for tumor progression and establishes commu-
nication links with cancer cell survival, stemness-like

property, hypoxia, inflammation and progression im-
munity. It has also been reported as an important
step in the metastatic cascade of epithelial tumors
and thus suggesting that TME could be constituted
with corresponding signaling pathways served as
promising target(s) for cancer therapy [53–55]. Des-
pite of great advances in health care programs, basic,

a

b

c

d e

f

g

Fig. 7 The PI3K/AKT/mTOR signaling axis and HIF-1α play roles in cellular growth, invasion, vasculogenic mimicry, sphere formation activities in
vitro and tumor growth in vivo induced by acute IFN-α exposure. a-c Pharmacological inhibitions of the JAK/PI3K/PTEN/mTOR/AKT, Ras/p38/MEK/
ERK axes and HIF-1α significantly impacted on the IFN-α-stimulated anchorage-independent growth (a), scratch wound closure (b) and vasculo-
genic mimicry formation (c) in 769-P cells. d Inhibitors (as indicated) differentially affected expression of genes involved in EMT, cell survival and
apoptotic cell death. e-f HIF-1α is needed for sphere colony formation (e), tumor formation and growth (f) of differentially educated 769-P cells;
i.e. pSuper, pSuper + IFN, pshHIF-1α and pshHIF-1α + IFN cells. g Schematic illustration of the signaling pathways involved in the IFN-α-induced
HIF-1α expression and stimulated tumorigenic propensities. The IFN-α-induced H IF-1α expression by first binding to the interferon alpha receptor
1 and 2 (IFNAR1/2), subsequent activation of JAK1 and TYK2, phosphorylation of PI3K, AKT and mTOR, those lead to promotion of HIF-1α mRNA
transcription and translation as well as corresponding tumorigenic activities including EMT, anchorage-independent growth, invasion and vasculo-
genic mimicry activities. **, P < 0.01; ***, P < 0.001
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translational and clinical medical research in the past
decades, cancer remains a daunting threat around the
world despite great advances in health care programs,
basic, translational and clinical medical research in
the past decades [12, 56]. A global unmet need for
understanding fundamental bases of cancer biology
and new interventions of anticancer therapeutics is
urgently needed [56, 57]. It has become notably ap-
parent that generating optimal oncogenic responses
needs proper signaling crosstalk between inflamma-
tory and hypoxic pathways of TME [58]. In this re-
gard, solid tumors often situate in hypoxic
inflammatory niche containing leukocyte infiltrates in
which ~ 20% of them arising in association with
chronic inflammation [1–3, 7, 17, 26]. Moreover, in-
flammatory and hypoxic niches as well as correspond-
ing signaling pathways play a complex role in cancer
development through regulating expression of tumori-
genic propensities. Thus, targeting the inflammatory
interferon-driven and hypoxia-induced pathological
TME and corresponding signaling pathways of our
study might present as such an example for novel an-
ticancer intervention, particularly identified signaling
pathways those regulate the expression of HIF-1α in
malignant tumor.
We showed that cellular signaling responses of hyp-

oxic and inflammatory TMEs interact and crosstalk
through up-regulation of expression of HIF-1α and asso-
ciated tumorigenic activities, which are mediated by one
inflammatory cytokine IFN-α. This novel communica-
tion of above two TMEs, via the JAK pathway with
PI3K/PTEN/ mTOR/AKT/GSK3β/β-catenin axis and
the Ras pathway with p38/MEK/ERK/JNK axis, further
fine-tunes cellular homeostasis of tumor cells, i.e., adapt-
ing to hypoxia, enhancing survival as well as promoting
migration, invasion and EMT. Our study has thereby
not only revealed a new crosstalk between two key in-
flammatory and hypoxic TMEs, but provided a vicious
molecular connection between hypoxic inflammation
and tumorigenic programming. In this same line, we
have recently reported a new negative feedback loop for
the HIF-1α-mediated pathway involving the regulation
of HIF-1α by ISG15 and ISGylation of HIF-1α [36].
Using genetic and pharmacological inhibition, our study
has provided new insights into an important involve-
ment of hypoxic inflammatory TME in tumorigenesis. In
addition, clinical and/or preclinical inhibitors of signal-
ing pathways involved in regulating HIF-1α expression
used in this study also present as new strategies for
treatment of human cancer. Consistently, the anti-
inflammatory drugs, such as NSAID, have been reported
to reduce the risk of several solid tumors [59].
Our advanced understanding of a cancer-TME inter-

action in molecular regulation of tumorigenesis shall

lead to a rationale guidance for the development of
new cancer therapeutics targeting TME-supplemented
IFN signaling and HIF-1α programming to prevent
disease relapse after initial diagnosis and treatment
[53, 54, 60].From the points of view on interventions
for metastatic cancer, HIFs and regulatory pathways
of gene expression are obvious targets of interest and
targeting disseminated cancer cells, corresponding re-
liance/molecules and signaling responses/interactions
on TMEs could also be promising revenues. More-
over, mounting experimental and clinical evidence
have also suggested a central role for the signaling
networks operating to promote a metastatic and/or
therapeutic resistance cascade in cancer development
that involves interactions of AR, TMPRSS2, HGF and
c-MET with critical components of TMEs [61]. In
agreement, our preclinical study on that signaling in-
hibitors including LY297002, JAKi inhibitor, 17-AAG
and 2-ME all diminished the tumor propensities and
growth also supports the novel usage of these signal-
ing inhibitors in anti-cancer therapy.
IFN-α, which belongs to a family of “biologic re-

sponse modifiers” and activates a network of signaling
molecules, is FDA-approved for hairy cell leukemia,
malignant melanoma, AIDS-related Kaposi’s sarcoma,
follicular non-Hodgkin’s lymphoma as well as other
clinical indications such as renal cell cancer and cer-
vical cancer. The signaling pathways and molecules,
such as PI3K, JAK, and HSP90, have also been sug-
gested and developed into new anti-cancer strategies
as well as for overcoming drug resistance [62–65].
For example, due to its frequent activation, the JAK/
STAT axis is an attractive target for breast cancer
therapy and thus clinical trials of JAKi in advanced
breast cancer are ongoing [62]. Functional inhibition
of HSP90 causes the degradation of its client proteins
and thus subsequently providing a novel anti-cancer
intervention to concomitantly disrupt multiple onco-
genic signaling cascades especially in in a variety of
client protein-driven tumors [64, 65]. Similarly, the
PI3K/AKT/mTOR signaling pathway is commonly
deregulated in human malignancy including non-small
cell lung cancer (NSCLC) [63]. Thereby, this pathway
is also an excellent target for many therapeutic devel-
opment and its inhibitors are undergoing heavy clin-
ical evaluation. In agreement, our results also showed
that pharmacological inhibitors targeting the IFN-α
signaling and pathways could not only modulate HIF-
1α expression but also tumorigenic activities such as
EMT and tumor invasion. Thus, our study provides a
good example from molecular pharmacological modu-
lations to modular tumor therapy. Specifically, we ob-
served a novel regulation of hypoxia TME (mainly
HIF-1α expression and functions) by inflammatory
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IFN-α. Importantly, IFN-α promotes tumorigenic pro-
pensities such as EMT, invasion and anti-apoptosis
abilities and crosstalk to hypoxic TME mainly through
up-regulation of HIF-1α expression [55, 58, 66–69].
Coupled with the importance of hypoxia and inflam-
mation during tumorigenic processes, our reports on
physical, functional and genetic interactions among
key components of these two TMEs further suggest
the critical roles of both the individual pathway of
and the interaction between IFN-α and HIF-1α for
the underlying tumorigenic mechanism(s) in the con-
text of hypoxic inflammation. The observations that
the IFN-induced ISG15 conjugation (ISGylation) path-
way can modulate the cancer cell-killing activity of
drugs also support the above notion [70, 71].
Tumor is a complex biomass containing heteroge-

neous cancer cells and TME with the surrounding stro-
mal, infiltrated immune cells and extracellular matrices.
It is known that TME plays critical yet diverse roles in
various stages of cancer development, but mechanisms
underlying signaling crosstalk and molecular communi-
cations of TMEs with oncogenic programs remain un-
clear. Through studying molecular mechanisms
underlying interactions of inflammatory molecule inter-
feron (IFN) with hypoxic TME, we provided the first ex-
perimental evidences for a novel communicating
mechanisms occurring within TMEs in cancer progres-
sion of renal oncogenic development, thus representing
as one emerging paradigm of cancer pathology. We un-
raveled a hypoxic pro-inflammatory role of IFN-α in the
HIF-1α mediated TME and then leading to promotion
of tumor tumorigenesis, migration/ invasion, EMT, vas-
culogenic mimicry and drug resistance (schematic illus-
tration in Fig. 7e). Importantly, pharmacological
modulations of HIF-1α as well as the JAK/PI3K/PTEN/
mTOR/AKT and Ras/p38/MEK/ERK signaling axes all
significantly reduced the above IFN-α promoted tumori-
genic propensities. In this regards, advances in the un-
derstanding of cancer-TME interaction and the drugs
targeting TME-associated disease biology and pathology
may bring about the TME-guided therapy for various
diseases.

Conclusions
In conclusion, our study not only revealed a new cross-
talk between inflammatory and hypoxic TMEs but also
provide a vicious molecular connection between hypoxic
inflammation TME and oncogenic development. Our
findings of this cancer-TME interaction in tumorigenesis
might thereby lead to a rationale guidance/strategy for
developing new therapeutic interventions targeting
TME-supplemented IFN signaling and HIF-1α program-
ming (in tumor cells) to prevent disease relapse after ini-
tial diagnosis and treatment.

Additional files

Additional file 1: Figure S1. IFN-α-induced HIF-1α expression in tran-
scription- and translation-dependent, but 26S proteasome-independent. (A)
RNA transcription is required for IFN-α mediated HIF-1α induction. 769-P
cells were pre-treated 30 min. With or without 100 μM DRB and subse-
quently exposed for 24 h with either IFN-α (1000 units/ml) or desferoxamine
(DFX, 260 μM), and protein labels determined by immunoblotting analysis
with indicated antibodies. (B-C) Interferon-α treatment promotes the de
novo synthesis of HIF-1α expression (B) and does not impact on the stability
of HIF-1α. (C) Cells were treated with IFN-α before addition of (DRB,
100 μM), cycloheximide (CHX, 100 μM) or MG-132 (10 μM) (D) IFN-α stimu-
lated HIF-1α expression similarly in the VHL-deficient 769-P cells with or
without ectopic expression of functional VHL. (PPT 251 kb)

Additional file 2: Figure S2. IFN-α could up-regulate HIF-1α expression
in the presence of 1% O2 with a different induction kinetics. Cells were
treated with or without IFN-α, exposed to hypoxia (1% O2) and then har-
vested at indicated time points (3, 6, 9 and 12 h) for immunoblotting.
(PPT 162 kb)

Additional file 3: Figure S3. The JAK/PI-3 K, AKT/GSK3β and p38/ERK/
JNK axes contributed to the IFN-α-induced HIF-1α expression. (A) Knock-
down of STAT1 (si-STAT1) expression has no effect on the IFN-α-induced
HIF-1α expression. (B) Ectopic expression of PTEN antagonized the IFN-α-
activated AKT/GSK3β pathway. (C-D) β-catenin inhibition by FH535 treat-
ment not only decreased the IFN-α-induced expression of HIF-1α (C), but
also reduced the IFN-α-induced active β-catenin (D). (PPT 221 kb)

Additional file 4: Figure S4. NF-κB is minimally involved in the IFN-α
mediated HIF-1α accumulation. (A) IFN-α slightly activated IKK as suggested
by a minimal increase in IkBaS32 phosphorylation. (B-D) Targeting IKK/IkBα/
NF-κB pathway by Sulfasalazine (Sulfa, B), IkBα-M mutant (C) and si-p65 (D)
do not alter much of IFN-α-induced HIF-1α expression. (PPT 201 kb)

Additional file 5: Figure S5. The IFN-α not only attenuated MX-induced
apoptosis, but also promote PI3K- and MAPK-P38-dependent invasion
activity.(A) IFN-α co-treatment reduced the MX-induced apoptotic cleav-
age of PARP1.(B) LY294002 (LY) and SB203580 (SB) could both effectively
inhibit the IFN-α-induced invasion abilities. (PPT 237 kb)

Additional file 6: Figure S6. Direct effects of IFN-α on the expression of
EMT and stemness biomarkers. (A-B) Cells were treated with 0.5, 1, 2.5
and 5 mg of anti-IFN-α antibodies and their impacts on the expression of
EMT marker vimentin (A) and stemness marker Bmi1 genes (B) were de-
termined by immunoblotting analysis. (PPT 133 kb)
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EMT: Epithelial–mesenchymal transition; HIF-1α: hypoxia-inducible factor 1alpha;
IFN: interferon; TME: Tumor-microenvironment; VM: vasculogenic mimicry

Acknowledgements
The authors would like to thank the students, staffs and other lab members
who participated in discussion as well as helps and commented on this study.

Funding
This work was supported by the grants from the Ministry of Science and
Technology, Taiwan to TKL (MOST 103–2320-B-002-063-MY3; 105–2325-B-
002-018; 106–2320-B-002-049-MY3) and to YHY (MOST 105–2811-B-002-069;
106–2811-B-002-095).

Availability of data and materials
Not applicable.
This work was supported by the grants from the Ministry of Science and
Technology, Taiwan.

Authors’ contributions
YHY and TKL designed the experiments and wrote the paper; HFH and YCY
helped in study design, summarizing clinical relevance/significance and drafting
manuscript; YHY, HFH, YCY and TWC carried out the experiments and statistical
analyses; all the authors had read and approved the final manuscript for
publication.

Yeh et al. Journal of Experimental & Clinical Cancer Research  (2018) 37:70 Page 13 of 15

https://doi.org/10.1186/s13046-018-0730-6
https://doi.org/10.1186/s13046-018-0730-6
https://doi.org/10.1186/s13046-018-0730-6
https://doi.org/10.1186/s13046-018-0730-6
https://doi.org/10.1186/s13046-018-0730-6
https://doi.org/10.1186/s13046-018-0730-6


Competing interests
The authors declare that they have no competing interest.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department and Graduate Institute of Microbiology, College of Medicine,
Taipei, Taiwan, Republic of China. 2Center for Biotechnology, National Taiwan
University, Taipei, Taiwan, Republic of China. 3Center for Genomic Medicine,
National Taiwan University, Taipei, Taiwan, Republic of China. 4Department of
Emergency Medicine, Sijhih Cathay General Hospital, New Taipei City, Taiwan,
Republic of China. 5Department of Internal Medicine, Kaohsiung Armed
Forces General Hospital, Kaohsiung, Taiwan, Republic of China.

Received: 6 November 2017 Accepted: 9 March 2018

References
1. Baron B, Kitagawa T, Nakamura K, Kuramitsu Y. Isolation of a growth factor

stress-induced pancreatic Cancer sub-population: insight into changes due
to micro-environment. Cancer Genomics Proteomics. 2015;12:49–55.

2. Taylor CT. Interdependent roles for hypoxia inducible factor and nuclear
factor-kappaB in hypoxic inflammation. J Physiol. 2008;586:4055–9.

3. Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation.
Nature. 2008;454:436–44.

4. Datar I, Schalper KA. Epithelial-mesenchymal transition and immune evasion
during lung Cancer progression: the chicken or the egg? Clin Cancer Res.
2016;22:3422–4.

5. Romero IL, Mukherjee A, Kenny HA, Litchfield LM, Lengyel E. Molecular
pathways: trafficking of metabolic resources in the tumor
microenvironment. Clin Cancer Res. 2015;21:680–6.

6. Singh SR, Rameshwar P, Siegel P. Targeting tumor microenvironment in
cancer therapy. Cancer Lett. 2016;380:203–4.

7. Baird BN, Schliekelman MJ, Ahn YH, Chen Y, Roybal JD, Gill BJ, Mishra DK,
Erez B, O'Reilly M, Yang Y, et al. Fibulin-2 is a driver of malignant
progression in lung adenocarcinoma. PLoS One. 2013;8:e67054.

8. Creighton CJ, Gibbons DL, Kurie JM. The role of epithelial-mesenchymal
transition programming in invasion and metastasis: a clinical perspective.
Cancer Manag Res. 2013;5:187–95.

9. Riesenberg S, Groetchen A, Siddaway R, Bald T, Reinhardt J, Smorra D,
Kohlmeyer J, Renn M, Phung B, Aymans P, et al. MITF and c-Jun antagonism
interconnects melanoma dedifferentiation with pro-inflammatory cytokine
responsiveness and myeloid cell recruitment. Nat Commun. 2015;6:8755.

10. Chen J, Wu X, Chen S, Chen S, Xiang N, Chen Y, Guo D. Ubiquitin ligase
Fbw7 restricts the replication of hepatitis C virus by targeting NS5B for
ubiquitination and degradation. Biochem Biophys Res Commun. 2016;470:
697–703.

11. Ren H, Jia L, Zhao T, Zhang H, Chen J, Yang S, Liu J, Yu M, Hao J. Hypoxia
inducible factor (HIF)-1alpha directly activates leptin receptor (Ob-R) in
pancreatic cancer cells. Cancer Lett. 2014;354:172–80.

12. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646–74.

13. Palazon A, Aragones J, Morales-Kastresana A, de Landazuri MO, Melero I.
Molecular pathways: hypoxia response in immune cells fighting or
promoting cancer. Clin Cancer Res. 2012;18:1207–13.

14. Nieto MA. The ins and outs of the epithelial to mesenchymal transition in
health and disease. Annu Rev Cell Dev Biol. 2011;27:347–76.

15. Leggat JA, Gibbons DL, Haque SF, Smith AL, Wells JW, Choy K, Lloyd CM,
Hayday AC, Noble A. Innate responsiveness of CD8 memory T-cell
populations nonspecifically inhibits allergic sensitization. J Allergy Clin
Immunol. 2008;122:1014–21. e1014

16. Ferrarotto R, Goonatilake R, Young Yoo S, Tong P, Giri U, Peng S, Minna J,
Girard L, Wang Y, Wang L, et al. Epithelial-mesenchymal transition predicts
polo-like kinase 1 inhibitor-mediated apoptosis in non-small cell lung
Cancer. Clin Cancer Res. 2016;22:1674–86.

17. Eltzschig HK, Carmeliet P. Hypoxia and inflammation. N Engl J Med.
2011;364:656–65.

18. Jung HY, Fattet L, Yang J. Molecular pathways: linking tumor
microenvironment to epithelial-mesenchymal transition in metastasis. Clin
Cancer Res. 2015;21:962–8.

19. Mak MP, Tong P, Diao L, Cardnell RJ, Gibbons DL, William WN, Skoulidis F,
Parra ER, Rodriguez-Canales J, Wistuba II, et al. A patient-derived, Pan-Cancer
EMT signature identifies global molecular alterations and immune target
enrichment following epithelial-to-mesenchymal transition. Clin Cancer Res.
2016;22:609–20.

20. Lou Y, Diao L, Cuentas ER, Denning WL, Chen L, Fan YH, Byers LA,
Wang J, Papadimitrakopoulou VA, Behrens C, et al. Epithelial-
mesenchymal transition is associated with a distinct tumor
microenvironment including elevation of inflammatory signals and
multiple immune checkpoints in lung adenocarcinoma. Clin Cancer Res.
2016;22:3630–42.

21. Ahn YH, Gibbons DL, Chakravarti D, Creighton CJ, Rizvi ZH, Adams HP,
Pertsemlidis A, Gregory PA, Wright JA, Goodall GJ, et al. ZEB1 drives
prometastatic actin cytoskeletal remodeling by downregulating miR-34a
expression. J Clin Invest. 2012;122:3170–83.

22. Schliekelman MJ, Gibbons DL, Faca VM, Creighton CJ, Rizvi ZH, Zhang Q,
Wong CH, Wang H, Ungewiss C, Ahn YH, et al. Targets of the tumor
suppressor miR-200 in regulation of the epithelial-mesenchymal transition
in cancer. Cancer Res. 2011;71:7670–82.

23. Hussain SP, Hofseth LJ, Harris CC. Radical causes of cancer. Nat Rev Cancer.
2003;3:276–85.

24. Yang YC, Chou HY, Shen TL, Chang WJ, Tai PH, Li TK. Topoisomerase II-
mediated DNA cleavage and mutagenesis activated by nitric oxide underlie
the inflammation-associated tumorigenesis. Antioxid Redox Signal. 2013;18:
1129–40.

25. Gibbons DL, Spencer J. Mouse and human intestinal immunity: same
ballpark, different players; different rules, same score. Mucosal Immunol.
2011;4:148–57.

26. Colotta F, Allavena P, Sica A, Garlanda C, Mantovani A. Cancer-related
inflammation, the seventh hallmark of cancer: links to genetic instability.
Carcinogenesis. 2009;30:1073–81.

27. Yuan WC, Lee YR, Huang SF, Lin YM, Chen TY, Chung HC, Tsai CH, Chen HY,
Chiang CT, Lai CK, et al. A Cullin3-KLHL20 ubiquitin ligase-dependent
pathway targets PML to potentiate HIF-1 signaling and prostate cancer
progression. Cancer Cell. 2011;20:214–28.

28. Shen C, Beroukhim R, Schumacher SE, Zhou J, Chang M, Signoretti S, Kaelin
WG Jr. Genetic and functional studies implicate HIF1alpha as a 14q kidney
cancer suppressor gene. Cancer Discov. 2011;1:222–35.

29. Semenza GL. HIF-1 mediates metabolic responses to intratumoral hypoxia
and oncogenic mutations. J Clin Invest. 2013;123:3664–71.

30. Eisinger-Mathason TS, Zhang M, Qiu Q, Skuli N, Nakazawa MS, Karakasheva
T, Mucaj V, Shay JE, Stangenberg L, Sadri N, et al. Hypoxia-dependent
modification of collagen networks promotes sarcoma metastasis. Cancer
Discov. 2013;3:1190–205.

31. Yoo YG, Christensen J, Gu J, Huang LE. HIF-1alpha mediates tumor hypoxia
to confer a perpetual mesenchymal phenotype for malignant progression.
Sci Signal. 2011;4:pt4.

32. Yook JI, Li XY, Ota I, Hu C, Kim HS, Kim NH, Cha SY, Ryu JK, Choi YJ, Kim J, et
al. A Wnt-Axin2-GSK3beta cascade regulates Snail1 activity in breast cancer
cells. Nat Cell Biol. 2006;8:1398–406.

33. Blancher C, Moore JW, Robertson N, Harris AL. Effects of ras and von Hippel-
Lindau (VHL) gene mutations on hypoxia-inducible factor (HIF)-1alpha, HIF-
2alpha, and vascular endothelial growth factor expression and their
regulation by the phosphatidylinositol 3′-kinase/Akt signaling pathway.
Cancer Res. 2001;61:7349–55.

34. Gorlach A, Bonello S. The cross-talk between NF-kappaB and HIF-1: further
evidence for a significant liaison. Biochem J. 2008;412:e17–9.

35. Doe MR, Ascano JM, Kaur M, Cole MD. Myc posttranscriptionally induces
HIF1 protein and target gene expression in normal and cancer cells. Cancer
Res. 2012;72:949–57.

36. Yeh YH, Yang YC, Hsieh MY, Yeh YC, Li TK. A negative feedback of the HIF-
1alpha pathway via interferon-stimulated gene 15 and ISGylation. Clin
Cancer Res. 2013;19:5927–39.

37. Joseph JV, Conroy S, Pavlov K, Sontakke P, Tomar T, Eggens-Meijer E,
Balasubramaniyan V, Wagemakers M, den Dunnen WF, Kruyt FA. Hypoxia
enhances migration and invasion in glioblastoma by promoting a
mesenchymal shift mediated by the HIF1alpha-ZEB1 axis. Cancer Lett. 2015;
359:107–16.

Yeh et al. Journal of Experimental & Clinical Cancer Research  (2018) 37:70 Page 14 of 15



38. Sung WW, Chu YC, Chen PR, Liao MH, Lee JW. Positive regulation of HIF-1A
expression by EBV oncoprotein LMP1 in nasopharyngeal carcinoma cells.
Cancer Lett. 2016;382:21–31.

39. Vanharanta S, Massague J. Hypoxia signaling–license to metastasize. Cancer
Discov. 2013;3:1103–4.

40. Meijer TW, Kaanders JH, Span PN, Bussink J. Targeting hypoxia, HIF-1, and
tumor glucose metabolism to improve radiotherapy efficacy. Clin Cancer
Res. 2012;18:5585–94.

41. Ding C, Luo J, Li L, Li S, Yang L, Pan H, Liu Q, Qin H, Chen C, Feng J. Gab2
facilitates epithelial-to-mesenchymal transition via the MEK/ERK/MMP
signaling in colorectal cancer. J Exp Clin Cancer Res. 2016;35:5.

42. Wei L, Li K, Pang X, Guo B, Su M, Huang Y, Wang N, Ji F, Zhong C, Yang J, et al.
Leptin promotes epithelial-mesenchymal transition of breast cancer via the
upregulation of pyruvate kinase M2. J Exp Clin Cancer Res. 2016;35:166.

43. Xu J, Liu D, Niu H, Zhu G, Xu Y, Ye D, Li J, Zhang Q. Resveratrol reverses
doxorubicin resistance by inhibiting epithelial-mesenchymal transition (EMT)
through modulating PTEN/Akt signaling pathway in gastric cancer. J Exp
Clin Cancer Res. 2017;36:19.

44. Wilson CL, Jurk D, Fullard N, Banks P, Page A, Luli S, Elsharkawy AM, Gieling RG,
Chakraborty JB, Fox C, et al. NFkappaB1 is a suppressor of neutrophil-driven
hepatocellular carcinoma. Nat Commun. 2015;6:6818.

45. Jung YJ, Isaacs JS, Lee S, Trepel J, Neckers L. IL-1beta-mediated up-regulation
of HIF-1alpha via an NFkappaB/COX-2 pathway identifies HIF-1 as a critical link
between inflammation and oncogenesis. FASEB J. 2003;17:2115–7.

46. Gibbons DL, Shashikant C, Hayday AC. A comparative analysis of RNA
targeting strategies in the thymosin beta 4 gene. J Mol Biol. 2004;
342:1069–76.

47. Nishii K, Kabarowski JH, Gibbons DL, Griffiths SD, Titley I, Wiedemann LM,
Greaves MF. ts BCR-ABL kinase activation confers increased resistance to
genotoxic damage via cell cycle block. Oncogene. 1996;13:2225–34.

48. Williams LM, Gibbons DL, Gearing A, Maini RN, Feldmann M, Brennan FM.
Paradoxical effects of a synthetic metalloproteinase inhibitor that blocks
both p55 and p75 TNF receptor shedding and TNF alpha processing in RA
synovial membrane cell cultures. J Clin Invest. 1996;97:2833–41.

49. Xu Q, Briggs J, Park S, Niu G, Kortylewski M, Zhang S, Gritsko T, Turkson J,
Kay H, Semenza GL, et al. Targeting Stat3 blocks both HIF-1 and VEGF
expression induced by multiple oncogenic growth signaling pathways.
Oncogene. 2005;24:5552–60.

50. McCubrey JA, Steelman LS, Bertrand FE, Davis NM, Abrams SL, Montalto G,
D'Assoro AB, Libra M, Nicoletti F, Maestro R, et al. Multifaceted roles of GSK-
3 and Wnt/beta-catenin in hematopoiesis and leukemogenesis:
opportunities for therapeutic intervention. Leukemia. 2014;28:15–33.

51. Albrengues J, Bertero T, Grasset E, Bonan S, Maiel M, Bourget I, Philippe C,
Herraiz Serrano C, Benamar S, Croce O, et al. Epigenetic switch drives the
conversion of fibroblasts into proinvasive cancer-associated fibroblasts. Nat
Commun. 2015;6:10204.

52. Mendez O, Zavadil J, Esencay M, Lukyanov Y, Santovasi D, Wang SC,
Newcomb EW, Zagzag D. Knock down of HIF-1alpha in glioma cells reduces
migration in vitro and invasion in vivo and impairs their ability to form
tumor spheres. Mol Cancer. 2010;9:133.

53. Yu H, Pardoll D, Jove R. STATs in cancer inflammation and immunity: a
leading role for STAT3. Nat Rev Cancer. 2009;9:798–809.

54. Fuxe J, Karlsson MC. TGF-beta-induced epithelial-mesenchymal transition: a
link between cancer and inflammation. Semin Cancer Biol. 2012;22:455–61.

55. Serrano-Gomez SJ, Maziveyi M, Alahari SK. Regulation of epithelial-
mesenchymal transition through epigenetic and post-translational
modifications. Mol Cancer. 2016;15:18.

56. McAllister SS, Weinberg RA. The tumour-induced systemic environment
as a critical regulator of cancer progression and metastasis. Nat Cell
Biol. 2014;16:717–27.

57. Lindsey S, Langhans SA. Crosstalk of oncogenic signaling pathways during
epithelial-mesenchymal transition. Front Oncol. 2014;4:358.

58. Li Y, Wang L, Pappan L, Galliher-Beckley A, Shi J. IL-1beta promotes
stemness and invasiveness of colon cancer cells through Zeb1 activation.
Mol Cancer. 2012;11:87.

59. Gomes M, Teixeira AL, Coelho A, Araujo A, Medeiros R. The role of
inflammation in lung cancer. Adv Exp Med Biol. 2014;816:1–23.

60. Rankin EB, Giaccia AJ. The role of hypoxia-inducible factors in tumorigenesis.
Cell Death Differ. 2008;15:678–85.

61. Lucas JM, Heinlein C, Kim T, Hernandez SA, Malik MS, True LD, Morrissey C,
Corey E, Montgomery B, Mostaghel E, et al. The androgen-regulated

protease TMPRSS2 activates a proteolytic cascade involving components of
the tumor microenvironment and promotes prostate cancer metastasis.
Cancer Discov. 2014;4:1310–25.

62. Bottos A, Gotthardt D, Gill JW, Gattelli A, Frei A, Tzankov A, Sexl V, Wodnar-
Filipowicz A, Hynes NE. Decreased NK-cell tumour immunosurveillance
consequent to JAK inhibition enhances metastasis in breast cancer models.
Nat Commun. 2016;7:12258.

63. Nakanishi K, Sakamoto M, Yasuda J, Takamura M, Fujita N, Tsuruo T, Todo S,
Hirohashi S. Critical involvement of the phosphatidylinositol 3-kinase/Akt
pathway in anchorage-independent growth and hematogeneous
intrahepatic metastasis of liver cancer. Cancer Res. 2002;62:2971–5.

64. Sidera K, Patsavoudi E. HSP90 inhibitors: current development and potential
in cancer therapy. Recent Pat Anticancer Drug Discov. 2014;9:1–20.

65. Soga S, Akinaga S, Shiotsu Y. Hsp90 inhibitors as anti-cancer agents, from
basic discoveries to clinical development. Curr Pharm Des. 2013;19:366–76.

66. Sun X, Wei L, Chen Q, Terek RM. CXCR4/SDF1 mediate hypoxia induced
chondrosarcoma cell invasion through ERK signaling and increased MMP1
expression. Mol Cancer. 2010;9:17.

67. Brooks DL, Schwab LP, Krutilina R, Parke DN, Sethuraman A, Hoogewijs D,
Schorg A, Gotwald L, Fan M, Wenger RH, Seagroves TN. ITGA6 is directly
regulated by hypoxia-inducible factors and enriches for cancer stem cell
activity and invasion in metastatic breast cancer models. Mol Cancer. 2016;
15:26.

68. Williamson SC, Metcalf RL, Trapani F, Mohan S, Antonello J, Abbott B, Leong
HS, Chester CP, Simms N, Polanski R, et al. Vasculogenic mimicry in small
cell lung cancer. Nat Commun. 2016;7:13322.

69. Yeh YH, Wang SW, Yeh YC, Hsiao HF, Li TK. Rhapontigenin inhibits TGF-
beta-mediated epithelialmesenchymal transition via the PI3K/AKT/mTOR
pathway and is not associated with HIF-1alpha degradation. Oncol Rep.
2016;35:2887–95.

70. Jeon YJ, Jo MG, Yoo HM, Hong SH, Park JM, Ka SH, Oh KH, Seol JH, Jung YK,
Chung CH. Chemosensitivity is controlled by p63 modification with
ubiquitin-like protein ISG15. J Clin Invest. 2012;122(7):2622–36.

71. Desai SD, Wood LM, Tsai YC, Hsieh TS, Marks JR, Scott GL, Giovanella BC, Liu
LF. ISG15 as a novel tumor biomarker for drug sensitivity. Mol Cancer Ther.
2008;7:1430–9.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Yeh et al. Journal of Experimental & Clinical Cancer Research  (2018) 37:70 Page 15 of 15


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Chemicals, plasmids, antibodies, cell lines and small interference siRNA
	RNAi knockdown, transfection and immunoblotting assay
	Reverse transcription-polymerase chain reaction, luciferase reporter and colonogenic assays
	Wound-healing and invasion assays
	GST-Raf pull-down assay for activated Ras
	Extraction of cytoplasmic and nuclear fraction protein
	The vasculogenic mimicry (VM) assay
	The anchorage-independent cell growth/ soft- agar assay
	Sphere-formation and xenograft tumor growth assays
	Quantitative measurements and statistical analyses

	Results
	Tumor heterogeneity existed in the interferon (IFN)-induced up-regulation of functional HIF-1α
	JAK and Ras axes contribute to HIF-1α expression induced by IFN-α
	JAK with PI3K/PTEN/mTOR/AKT/GSK3β/β-catenin axis and of Ras with p38/MEK/ERK/JNK pathway regulate the IFN-α-induced HIF-1α expression
	IFN-α treatment induces expression of EMT genes, wound-healing, invasion, and anti-apoptotic abilities where HIF-1α plays a critical role
	PI3K and MAPK inhibitors modulate IFN-α-promoted apoptotic, wound-healing and invasion abilities
	Functional HIF-1α is required for IFN-induced tumorigenesis, invasion, and vasculogenic mimicry

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Publisher’s Note
	Author details
	References

