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Abstract

Metastasis is a major cause of death from malignant diseases, and the underlying mechanisms are still largely not known. A detailed probe into
the factors which may regulate tumour invasion and metastasis contributes to novel anti-metastatic therapies. We previously identified a novel
metastasis-associated gene 1 (mag-1) by means of metastatic phenotype cloning. Then we characterized the gene expression profile of mag-1
and showed that it promoted cell migration, adhesion and invasion in vitro. Importantly, the disruption of mag-1 via RNA interference not only
inhibited cellular metastatic behaviours but also significantly reduced tumour weight and restrained mouse breast cancer cells to metastasize to
lungs in spontaneous metastatic assay in vivo. Furthermore, we proved that mag-1 integrates dual regulating mechanisms through the stabiliza-
tion of HIF-1a and the activation of mTOR signalling pathway. We also found that mag-1-induced metastatic promotion could be abrogated by
mTOR specific inhibitor, rapamycin. Taken together, the findings identified a direct role that mag-1 played in metastasis and implicated its func-
tion in cellular adaptation to tumour microenvironment.
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Introduction

Cancer metastasis depends on a complex and dynamic microenviron-
ment where tumours and their metastases develop and seed [1, 2].
The tumour microenvironment, which is characterized by regions of
hypoxia, low nutrition and acidosis because of defective vasculature
has been recognized as a major factor to influence tumour cell behav-
iours [3, 4]. Solid malignancies typically require an increasing accom-
modation to microenvironment for their constant growth and
metastasis [5]. This in turn has aroused the current extensive interest
in the critical molecules related to adaptive responses in the tumour
microenvironment, which will be treated as potential molecular target
for cancer therapy.

Hypoxia is now considered as a fundamentally important char-
acteristic of the tumour microenvironment. The hypoxia-inducible
factor 1 (HIF-1) is the primary regulator of the cellular response to
hypoxia [6]. It is a heterodimeric factor composed of an oxygen-
regulated HIF-1a subunit and a constitutive HIF-1b/ARNT (aryl
hydrocarbon receptor nuclear translocator) subunit [7], and its
transcriptional activity is largely determined by regulated expression
of the HIF-1a subunit [8]. Under normoxia, HIF-1a protein level is
precisely regulated by hydroxylation and ubiquitin-proteasomal deg-
radation in an oxygen-dependent manner, whereas hypoxia signal-
ling stabilizes HIF-1a by inhibiting the above-mentioned pathway
[9]. Then, HIF-1a rapidly accumulates, translocates into the nucleus
and dimerizes with HIF-1b/ARNT, binding to the hypoxia-responsive
DNA element, recruiting the transcriptional coactivator p300/CBP
for transcriptional induction of a host of hypoxia-responsive genes
involved notably in glycolysis and angiogenesis [10, 11], and allow-
ing cells to adapt to hypoxia [12]. HIF-1a is found to overexpress
frequently in human cancers and its increment has proven to be
correlated with poor patient prognosis [13, 14]. Numerous
researches have shown that HIF-1a-mediated gene transcriptional
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regulation is a positive factor in tumour metastasis including neo-
vascularization, cell survival, glucose metabolism, invasion and
especially metastasis [15–17].

Additional oxygen sensitive signalling pathways including mam-
malian target of rapamycin (mTOR) pathway also contribute to the
cellular adaptation to the tumour microenvironment [18]. mTOR path-
way is a downstream effector of the phosphatidilinositol-3 kinase
(PI3K)/Akt pathway, which regulates cell proliferation and viability.
Deregulations in mTOR signalling are frequently associated with
tumorigenesis, angiogenesis and tumour growth. Recent studies
show that mTOR also plays a critical role in the regulation of tumour
cell motility, invasion and cancer metastasis [19, 20]. The mitogenic
stimulators of insulin, nutrients and growth factors activate PI3K/Akt
cascade, which inactivates the TSC1/TSC2 inhibitor complexes and
relieves mTOR from inhibition, induce mTOR activation. mTORC1
phosphorylates p70 S6 kinase (S6K1) and eukaryotic initiation factor
4E (eIF4E) binding protein 1 (4E-BP1) assist ribosome biogenesis,
transcription and cap-dependent translation [21–23]. mTORC2 phos-
phorylates Akt, protein kinase C alpha (PKC alpha) and the focal adhe-
sion proteins, control the activities of the small GTPases (RhoA,
Cdc42 and Rac1), and regulate cell survival, actin cytoskeleton
assembly and motility. As PI3K-mTOR pathway links to oncogenic
signalling and is deregulated in approximately 50% of all human
malignancies, mTOR signalling is a major anti-cancer drug target with
potential therapeutic value [24–26].

We previously adopted phenotype cloning methods to identify a
novel metastasis-associated gene 1 (mag-1) which is closely related
to the metastatic phenotypes of lung cancer in vitro and to the meta-
static potential in clinical cancer tissues [27, 28]. This sequence was
submitted to GenBank and was named as mag-1. We searched public
databases and found that it shares significant similarity with
MGC11324 (GenBank accession no. NM_032717) [29]. This cDNA
has an acetyl transferase motif, and later, it was identified subse-
quently as one of the phospholipids enzyme isoforms participating in
the lipid biosynthesis. Tang et al. identified this sequence as a novel
human lysophosphatidic acid acyltransferase family member, LPAAT
h [30]. However, they did not clarify its enzymatic activity and specific
function. Other groups isolated the same sequence predicted from
different acyltransferase families and identified its distinct enzymatic
activities. Cao et al. reported a same protein sequence labelled as
GPAT3 with a significant NEM-sensitive GPAT activity, instead of the
expected lysophosphatidic acid acyltransferase activity or acyltrans-
ferase activities against a variety of other substrates [31–33]. Sukum-
aran et al. determined that the same isoform has only a robust
AGPAT activity in human embryonic kidney 293 cells infected with
recombinant GPAT3 adenovirus and they named it as AGPAT10 [34].
Despite the discrepancy of its enzymatic activities, the protein has
been demonstrated as an important acyltransferase enzyme in lipo-
genesis. However, whether this cDNA sequence functions in tumour
progression or not is not estimated yet.

Here, we identified the gene expression profile of mag-1 as well
as its subcellular localization. Through metastatic phenotypic analy-
sis, we validated the significant association of mag-1 with tumour
metastasis both in vivo and in vitro. mag-1 was proven to be a poten-
tial regulator of HIF-1a via activating mTOR signalling pathway.

Moreover, we also observed that mag-1- mediated mTOR activation
is of great importance for tumour metastatic phenotypes. These find-
ings shed light on the mechanisms by which mag-1 potentiates can-
cer cell to metastasize through their metabolic adaptation to tumour
microenvironment.

Materials and methods

Additional details of materials and methods can be found in Supplemen-

tary Information.

Plasmid constructs

The complete open reading frame of mag-1 (GenBank, NM_032717)
was cloned into a mammalian expression vector pcDNA3.1/Myc-

HisA+. For RNA interference assay, three short interfering RNA (siR-

NA) template oligonucleotides targeted to mag-1 were designed and

cloned intopSilencer 2.1_U6 (Ambion, Austin, TX, USA; hereafter
abbreviated to pSilencer). The targeted site and sequences are as fol-

lows: 304 AAGGGATTGGAAGCCATTGTA; 877 AAGAAGAAACTACCCAT

ACTA; 908 AAGGAACTTGCATCAACAATA. A plasmid encoding a hairpin

siRNA whose sequence did not match any known human coding
cDNA was applied as a negative control. The recombinant plasmids

were confirmed by sequencing analysis.

Cell culture

Cells were cultured and maintained in RPMI1640 or DMEM media

supplemented with 10% FBS under standard conditions (37°C, 5%
CO2). For transfection, 70–80% confluent cells in six-well plastic

plates were transfected with the appropriate plasmids using Mega

Trans 1.0 (Origene, Rockville, MD, USA) in accordance with the manu-

facturer’s protocol. For stable expression, the transfected cells were
passaged at a 1:10 dilution and screened with G418 (700 lg/ml) for

about 3 weeks. The stable clones were obtained and expanded for fur-

ther experiments.

Northern blot analysis

Total RNA (50 lg) was fractionated by electrophoresis on 1% agarose
gel plates containing formaldehyde and transferred to nitrocellulose

membrane, and the membranes were baked at 80°C, for 2 hrs. For

gene profile assay, a human tumour tissue Northern blot (MTN) and a

human multiple tissue expression array (BDTMMTE) (BD Clontech,
Mountain View, CA, USA) were pre-made with Poly (A)+ RNA. The

membranes were hybridized to the specific probes generated with the

Klenow fragment of DNA polymerase I and [a-32P]-dCTP by using
Prime-a-Gene® Labeling System (Promega, Madison, WI, USA). The

hybridization was carried out as instructed by the manufacturer. b-actin
and ubiquitin cDNA were, respectively, applied as control. The mem-

branes were then exposed to an X-ray film at �70°C with an intensify-
ing screen. The spots or bands on the exposed film were scanned and

analysed under Tanon GIS gel imaging system (Bio-Tanon Co., Ltd.,

Shanghai, China).
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Animals and in vivo spontaneous metastasis
assay

The recipients were adult female BALB/c mice (6–8 weeks). All animals

were provided and all experiments were approved by the Experimental

Animal Center of the Beijing Institute of Basic Medical Sciences. EMT6/
mag-1 KD, mock control and scramble-shRNA control (non-silencer)

cells were, respectively, inoculated to the mammary fat pad of female

BALB/c mice. The mice were killed when tumours reached a mean vol-
ume of 8 cm3 and they exhibited a symptom of cachexia. At necropsy,

the tumours were harvested from the mice and the tumour mass

weights were measured. The gross metastatic nodules were observed

and photographed under anatomical microscopy. For histological analy-
sis, the lungs and mammary tumour tissues were embedded in paraffin

and the sections were cut and stained with haematoxylin-eosin. The

metastases in the total lungs were counted and metastatic frequency

was analysed. Whole mounts were digitally photographed under a micro-
scope under the same magnification and light conditions for all samples.

Hypoxia experiment

The hypoxia system was established according to previously published

procedure [35]. For the treatment with short-term hypoxia, cells were

incubated in a hypoxia chamber maintaining 0.5% O2 for 6–24 hrs. The
cell lysis was prepared on ice instantly after the hypoxia treatment to

avoid the reoxygenation-induced polyubiquitination and degradation of

HIF-1a. For the analysis of the half-life of HIF-1a, stably transfected

H1299 cells and mock control cells were incubated in hypoxia for 8 hrs
and then treated with 25 mg/l cycloheximide, after which the decay of

HIF-1a was monitored at the indicated time using Western blot.

Cell adhesion assay

Each well in 96-well tissue culture plates was coated with 2 lg of

Matrigel (RD, Bedford, MA, USA) incubated overnight at 4°C. The wells
were washed three times with PBS to remove excess, and the unbound

Matrigel was blocked with 100 ll of a 10% bovine serum albumin

(BSA; Sigma-Aldrich, St. Louis, MO, USA) solution in RPMI1640 med-

ium for 1 hr at 37°C. Aliquots of 2 9 104 cells in 100 ll of serum-free
RPMI1640 medium were added to each well and the cells were allowed

to adhere for 1 hr at 37°C. Then, the numbers of adhering cells were

counted by MTT assay. Results were expressed as the adhesive rate

(%) calculated according to the following formula: (OD value of the
adhered cells/OD value of total cells) 9100%.

Transwell cell invasion assay

The migration and invasion of cells was assayed in transwell chambers

with 6.5-mm-diameter polycarbonate membrane filters containing 8 lm
pores (Corning Costar, Corning, NY, USA). Fibroblast-conditioned med-
ium, which was obtained from confluent NIH3T3 cell cultures in serum-

free RPMI 1640 was used as the chemotactic attractant and added to

the 24-well companion plate. For the invasion assay, transwell insert
was coated with 120 lg basement membrane Matrigel per filter.

1 9 105 cells were plated in the transwell insert and then incubated at

37°C. After 24 hrs, the non-migrating cells and the Matrigel in the
upper surface of the membrane were removed with a cotton swab. The

filters were fixed in paraformaldehyde and stained with H.E. Three ran-

dom visual fields (409) on the lower surface of the membrane were

selected to count cells penetrating the membrane. Migrant ability was
denoted as the average number of penetrating cells. Each assay was

performed thrice in triplicate.

Wound healing cell migration assay

Cells were plated at the density of 7 9 105 cells per well on a 6-well

plate in normal culture medium and allowed to reach 100% confluence.
The injury line was made with a sterile pipette tip of 2 mm in width and

then cells were rinsed with PBS and incubated for 20 hrs. The cell-free

area was selected, measured and quantified by using the UTHSCSA

ImageTool 3.0 software (an image processing and analysis programmed
by the researcher of the University of Texas Health Science Center at

San Antonio) and calculated as a percentage of wound healing accord-

ing to the equation: wound healing (%) = [1 � (wound area at
T20 hrs/wound area at T0)] 9 100%, where the T20 is the detected

time-point and T0 is the time immediately after wounding.

Luciferase reporter assay

The HRE-luciferase reporter plasmid was a gift from EE Voest (Univer-

sity Medical Center Utrecht, The Netherlands). It contains wild-type HRE

oligonucleotide of the 3′-enhancer of the human erythropoietin gene in
triplicate in front of a minimal TK promoter [36] in the pBlLuc vector

backbone. Assays were performed under the instruction of the Dual-Glo

luciferase assay system (Promega).

Immunofluorescent staining

The cells grown on the 35 mm glass bottom of the microwell cell cul-
ture dishes (MatTek corporation, Ikitelli, Istanbul, Turkey) were fixed in

4% paraformaldehyde for 15 min., followed by permeabilization in 0.2%

Triton X-100 for 15 min. After 1 hr blocking in PBS with 3% BSA and
5% newborn calf serum, the samples were incubated overnight in the

primary antibody diluted in blocking solution. Subsequently, the sam-

ples were stained with the second antibodies and double stained with

1 lg/ml Hoechst 33258. All cell samples were visualized using Confocal
laser- scanning microscope (Zeiss 510 META, Oberkochen, Germany).

Semi-quantitative RT-PCR and quantitative real
time PCR (qRT-PCR)

Methods used for RNA isolation, purification and reverse transcription
were performed under the instructions of the manufacturers (Invitro-

gen, Grand Island, NY, USA). qRT-PCR was performed by using

Mx3000 comparative quantitation systems (Stratagene, La Jolla, CA,

USA) with a standard temperature protocol and 29SYBR Green PCR
Master Mix reagent (CW Biotechnologies, Beijing, China) in a 20 ll
volume in triplicate. As a control, the mRNA level of GAPDH was

determined in the real time PCR assay for each RNA sample and was
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used to correct experimental variations. The primer sequences were
used as follows: VEGF primers: Forward 5′- ATGAACTTTCTGCTGTC

TTG-3′ Reverse 5′-TGAACTTCACCACTTCGT-3′, mag-1 primers: Forward

5′-GAAGATGCAGTC CAGTTTGCT-3′ Reverse 5′-TGAAGAAAGTGGCAAG
GCTA-3′, GAPDH (as control) primers: Forward 5′-ACC ACAGTCCATGC
CATCAC-3′ Reverse 5′-TCCACCACC CTGTTGCTGTA-3′.

Statistical analysis

All the data were presented as means ± S.D. One-way ANOVA with non-

parametric analysis was performed using GraphPad Prism version 5.00

for Windows, GraphPad Software (San Diego, California, USA, www.
graphpad.com). P < 0.05 was regarded statistically significant

(*P < 0.05; **P < 0.01; ***P < 0.001).

Results

mag-1 gene expression profiles are associated
with tumour metastatic phenotype

To confirm whether or not mag-1 is related to the formation of cancer
as well as its metastasis, we firstly validated the differential expres-
sion of mag-1 between poorly and highly metastatic human lung giant
cell carcinoma sublines, PLA801C and PLA801D [37]. Semiquantita-
tive RT-PCR and northern blot analysis clearly indicated that mag-1
expressed sixfold to eightfold higher in PLA801D than that in
PLA801C cells (Fig. 1A). Concomitantly, the protein levels displayed
about fourfold to fivefold difference between these two cells in Wes-
tern blot analysis.

To identify mag-1 gene, we evaluated the molecular size and the
distribution of Mag-1 protein within cells. In Figure 1B, the molecular
weight of Mag-1 was clearly indicated as 43 kD. Furthermore, we
determined the subcelluar localization of Mag-1. In COS-7 and H1299
cells stably expressing the Mag-1-His fusion protein, fluorescence
confocal images showed an endoplasmic reticulum (ER)-like expres-
sion pattern. This subcellular localization was confirmed by co-localiz-
ing Mag-1-His with the ER-specific protein Calnexin (Fig. 1C).
Meanwhile, the membrane and cytoplasmic fractions which were sep-
arated from these two cell lines were subjected to Western blot assay.
It was clearly indicated that Mag-1 and Calnexin mainly co-localized
in membrane fraction, especially in ER (Fig. 1D). As GPAT3,
AGPAT10 and LPAAT h have been reported to localize in ER or micro-
some, Mag-1 shares the same subcellular compartment with these
enzymes [30, 33, 34].

Northern blot analysis of mag-1 expression in eight human
tumour tissues revealed one transcript of about 2.2 kb and an addi-
tional transcript of 3.5 kb exclusively in the ovary tumour. mag-1
expressed highly in uterus, kidney, breast, ovary and stomach
tumours, but moderately in lung, rectum and colon tumours (Fig. 1E).
In addition, there appeared a variation of Mag-1 protein level in multi-
ple cancer cell lines. Concomitant to the result observed in PLA801C
and D, the other pair of human lung giant cell carcinoma sublines with

different metastatic capacity—PG (poorly metastatic) and BE1 (highly
metastatic) strains (with the same origin of PLA801C and D) —also
exhibited variant expressions of mag-1. Its expression in BE1 was
higher than that in PG cells. A weak band was detected in human
non-small cell lung carcinoma cell lines (NSCLC) A549 and H1299,
whereas a strong one in H322, H2087 and H596 cell lines. Finally,
Mag-1 expression was shown higher in HL-60 (human leukaemia cell
line), SKOV3 (human ovarian carcinoma cell line) and CNE-2 (human
nasopharyngeal carcinoma cell line) than that in MCF-7 (human
breast carcinoma cell line), Hela (Human cervical carcinoma cell line),
HepG2, Bel7402, SMMC7721 (Human liver carcinoma cell lines) and
K562 cells (human leukaemia cell line) (Fig. 1F). With our former
findings that mag-1 transcription correlates with metastatic potential
in clinical tumour samples, these data could give a cogent support to
such the conclusion that the expression of mag-1 gene has a positive
interconnection with tumour metastasis.

mag-1 promotes tumour cell metastatic
phenotypes in vitro

To characterize the function of mag-1 in cell biological behaviours
involving in metastasis, we overexpressed mag-1 in poorly metastatic
cell, PLA801C by gene transfection, and selected the stably transfect-
ed cell strains. We observed that the overexpression of mag-1 mod-
erately augmented the adhesion of PLA801C cells to Matrigel
(Fig. 2A). The wound healing migration assay showed that PLA801C/
mag-1 exhibited much higher healing rate than mock control cells
during the follow-up period 20 hrs after injury (Fig. 2B). This result
suggested that mag-1 accelerates cell mobility. Moreover, mag-1
overexpression enhanced PLA801C cells invasion through artificial
basement membrane, Matrigel-coated transwells twofold over mock
controls (Fig. 2C).

To evaluate the effects of mag-1-silencing on cell metastatic phe-
notypes, we knocked down the expression of endogenous mag-1 in
PLA801D by using specific mag-1 shRNA. As is shown in Figure 2D,
mag-1 expression levels were reduced in PLA801D/mag-1 KD cells.
Subsequently, the cell adhesion assay revealed that the disruption of
mag-1 resulted in the decreased cell adhesion to artificial basement
membrane, Matrigel. The cell migration rate of PLA801D/mag-1 KD
cells declined to 38.7% compared to 47.5% of PLA801D/control cells
in wound healing assay (Fig. 2E). Furthermore, the cells invaded
through transwell membrane were also reduced by mag-1 knock-
down (Fig. 2F). As cell migration, adhesion and invasion abilities are
the essential characteristics of malignant tumour cells, the above
reciprocal assessment indicated that mag-1 accelerates tumour
metastasis in vitro.

mag-1 is required for tumour metastasis in vivo

To determine the roles of native mag-1 in tumour metastasis in vivo,
we established mag-1 stably knock-down mouse breast cancer EMT6
cell by means of RNA interference. The efficient mag-1 KD cell clones
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Fig. 1 Identification and expression profile of mag-1 gene. (A) Verification of differential expression of mag-1 in PLA801C and D cells. Upper two
lines indicate semi-quantitative RT-PCR analysis of mag-1 mRNAs. Middle two lines are Western blot analysis of Mag-1 protein levels using b-actin
as internal control between PLA801C and D. Lower two lines indicate northern blot analysis of mag-1 mRNAs using GAPDH as internal control

between PLA801C and PLA801D. (B) Molecular weight of Mag-1 protein analysed using Western blot analysis. (C) Subcellular localization of Mag-1

within cells. A immunofluorescent staining of COS-7 and H1299 cells overexpressing His-Tagged Mag-1. Mag-1 was stained with anti-His antibody
(Green) and visualized co-localization with ER specific protein, Calnexin (Red). Cells were double stained with Hoechst 33258 (blue) to identify the

nuclei in the corresponding fields. All cell samples were visualized using Confocal laser-scanning microscope (Zeiss 510 META, Oberkochen,

Germany). (D) Western blot analysis of cell membrane and cytoplasma fraction from H1299 and COS-7 cells, stably transfected mag-1 or vector

control. (E) Northern blot analysis of mag-1 transcription in eight human tissues. A human multiple tissue northern blot membrane was hybridized
with 32P-labelled mag-1 specific or b-actin cDNA probes (bottom) respectively. Hybridization with b-actin served as a loading control. Size marker is

indicated on the left. (F) Western blot analysis of mag-1 protein in multiple cancer cell lines. b-Actin was used as an internal control.
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were screened and identified (Supplementary Figure S1). The EMT6/
mag-1 KD, mock control and scramble-shRNA control (non-silencer)
cells were inoculated to the mammary fat pad of female BALB/c mice
respectively. The mice were killed when the tumours reached a mean
volume of 8 cm3 and they exhibited a symptom of cachexia. At nec-
ropsy, most of the EMT6 mock and EMT6/non-silencer control ani-
mals were found to have gross lung nodules that were confirmed to
be metastases by histological analysis (Fig. 3A). Although the total
tumour volume of each group had no apparent difference, the tumour
mass weight of EMT6/mag-1 KD cells was lighter than that of mock
and non-silencer control EMT6 cells, which indicated that mag-1 may
contribute to the construction of tumour parenchyma (Fig. 3B).

Mice bearing EMT6/mag-1 KD-derived tumours exhibited a signifi-
cant reduction of lung metastatic foci compared to animals bearing
mock or non-silencer control EMT6 cells (Fig. 3C). As far as meta-
static frequency was concerned, EMT6/mag-1 KD cells displayed a
depressed ability to form metastatic lung nodules (Fig. 3D). These
results demonstrated that the metastatic defect observed in mag-1
KD EMT6 tumours is due, at least in part, to the absence of mag-1 in
cancer cells.

mag-1 contributes to maintaining the stability of
HIF-1a

How does mag-1 affect the total tumour weight and metastasis?
Here, we mimicked the tumour microenvironmental hypoxia condi-
tion in vitro and found that mag-1-stably transfected H1299 cells
exhibited an elevated HIF-1a protein level under such condition
(Fig. 4A). To determine the role of endogenous mag-1 in HIF-1a
expression, EMT6/mag-1 KD cells were examined under the same
condition with the result of a significantly decreased HIF-1a level
compared with the scramble control (Fig. 4B). There was no obvi-
ous change in HIF-1a mRNA transcription (Fig. 3B lower two
lines). These results indicated that endogenous mag-1 is an impor-
tant HIF-1a regulator.

Then we attempted to explore how mag-1 regulates HIF-1a
expression. Interestingly, mag-1 stably transfected H1299 cells
(Fig. 4A and C) as well as African green monkey fibroblast-like
cells, COS-7 (Supplementary Figure S2) presented slightly visible
HIF-1a expression under normoxia condition indicating that mag-1
might repress the degradation of HIF-1a under normoxia
condition.

Under hypoxia condition, we observed that HIF-1a protein could
be detected in both stably transfected mag-1 and mock control cells
after 6 hrs’ exposure to hypoxia, and there was no obvious difference
in protein levels between the two groups until then. However, the
maintenance of HIF-1a seemed a little bit longer in H1299/mag-1 cells
than that in vector control cells (Fig. 4C). After 12 hrs of hypoxia,
there was no decline of HIF-1a in H1299/mag-1 cells compared to its
reduction after 10 hrs in H1299 vector cells. The above results sug-
gested that mag-1 might influence the stability of HIF-1a protein. To
address the question, we exposed H1299/mag-1 cells and vector con-
trol to hypoxia for 8 hrs to allow HIF-1a accumulation, then treated
them with the protein synthesis inhibitor, cycloheximide, and moni-
tored the rate of HIF-1a decay. We found that HIF-1a half-life in
hypoxia increased from 30 min. in the vector control cells to 50 min.
in the H1299/mag-1 cells (Fig. 4D). Collectively, these data showed
that mag-1 is an important determinant of HIF-1a protein stability in
cancer cells.

mag-1 potentiates the transcriptional activities of
HIF-1a

As HIF-1 is a crucial transcriptional regulator that facilitates cell
adaptation to hypoxia, we investigated whether or not the mag-1-
induced accumulation of HIF-1a is in accordance with an increased
transactivational activity monitored carrying out HRE-luciferase
reporter assay. Transient overexpression of mag-1 in H1299 cells
resulted in a significant increase in HIF-1a reporter activity in
hypoxia as well as in normoxia (Fig. 5A), which conformed to the

Fig. 2 Effect of mag-1 on cell adhesion, migration and invasion capability of human lung cancer cells in vitro. (A) Adhesion of PLA801C/mag-1 and

mock control cells to Matrigel. The cells were added to each 96-well coated with Matrigel. After 1 hr of incubation, tumour cell adhesion was mea-

sured using MTT assay. Results were shown as the adhesion rate calculated according to the formula: (A490 nm of the adhered cells/A490 nm of
total cells)9100%. The exogenous mag-1 expression was analysed by RT-PCR (upper two lines) and Western blot assay (middle two lines). Arrow

indicates myc-tagged Mag-1 protein. (B) Cell migration after injury. A total of 7 9 105 cells per well were seeded on a 6-well plate in normal culture

medium and allowed to reach 100% confluence. The injury line was introduced to scratch the cell monolayer with a sterile pipette tip of 2 mm in

width, and then cells were rinsed with PBS and incubated for 20 hrs. Wound closure was monitored by visual examination using an Olympus micro-
scope. (C) Transwell cell invasion assay. 1 9 105 cells were plated in the upper layer of each transwell (coated with 120 lg basement membrane,

Matrigel) and then, incubated at 37°C for 24 hrs. After incubation, the non-migrating cells were removed from the upper surface of the membrane

and the penetrated cells on the lower surface of the membrane were stained with H.E. Results were plotted as the average number of cells of three

random visual fields that migrated through the membrane. (D) (right) Effect of mag-1-targeted shRNA constructs and scramble control on mag-1
expression in PLA801D cells. Transfected cells were selected with G418 for 3 weeks until stable clones were obtained and expanded for other exper-

iments. The mRNA and protein level of mag-1 were assayed using RT-PCR and Western blot. A(left) Adhesion of PLA801D/shRNA and control cells

to Matrigel. (E) Wound healing migration assay and (F) transwell cell invasion assay. The shRNA and scramble control stable transfected cells were
cultured and measured using the same methods as mentioned before. Each assay was performed thrice in triplicate. In all studies, statistical signifi-

cance was determined using One-way ANOVA with non-parametric analysis comparing data points to control. Bars show the standard error of the

mean. *P < 0.05; **P < 0.01.
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result of elevated HIF-1a expression induced by mag-1 under both
hypoxia and normoxia conditions. H1299 cells transfected with
0.6 lg mag-1 showed a twofold increase of HRE activity compared
to vector control in both normoxia and hypoxia, and the increment
of mag-1 transfectant amount is accompanied by a proportional
increase of HRE activity. HIF-1a protein associated with increased
HIF-1a activity was confirmed using Western blot (Supplementary
Figure S2). The similar result was also observed in COS-7 cells
that 0.2 lg mag-1 transfectant exhibited a 1.5-fold increase of
HRE activity in normoxia and 1.75-fold in hypoxia compared to
vector control (Fig. 5B). Consistent with the above results, stable
transfected H1299/mag-1 cells also exhibited an elevated HRE
activity (Fig. 5C). The induction of HRE activity suggested the acti-
vation of HIF-1a transcriptional activity.

The accumulation of HIF-1a was accompanied by an increment
expression of HIF-1a protein and translocation to nucleus under
hypoxia condition. Under confocal microscope, we observed that HIF-
1a expression was elevated significantly in stable transfected H1299/
mag-1 cells compared to that in H1299/vector control cells after
12 hrs exposure to hypoxia. HIF-1a accumulated mainly within the
nucleus that contributed to the transcriptional activity (Fig. 5D).
Furthermore, the induction of HIF-1 regulating gene, VEGF was evalu-

ated using real time quantitative RT-PCR. Consistent with the elevated
HIF-1a activity of H1299/mag-1 cells, the overexpression of mag-1
significantly induced the expression in H1299 cells under hypoxia
(Fig. 5E). Meanwhile, VEGF significantly downregulating mag-1 in
EMT6 cells could decrease the expression of VEGF both under
hypoxia and normoxia conditions (Fig. 5F).

Taken together, we proved that mag-1 mediates a general effect
as an important, oxygen-independent regulator of HIF-1a via main-
taining its stability, which may contribute to tumour cell’s accommo-
dation to tumour microenvironment in both primary and metastatic
sites.

mag-1 activates mTOR signalling pathway

As there is an evidence that mag-1 might play a certain role in tumour
cell adaptation to microenvironment, we further probed into the
function of mag-1 in mTOR signal transduction. The results showed
that the overexpression of mag-1 led to a dramatic increase in serum-
stimulated endogenous p70S6K1 phosphorylation on Thr389 and
4EBP1 phosphorylation on Thr70 (Fig. 6A). mag-1 also increased the
phosphorylation of exogenous p70S6K1 in PLA801C and human

A B

C D

Fig. 3mag-1-silencing defects metastasis of mouse breast cancer EMT6 cells in vivo. The EMT6/mag-1 KD cell strains, mock control and scramble-

shRNA control (non-silencer) cells were inoculated to the mammary fat pad of female BALB/c mice respectively. Mice were killed when tumours
reached a mean volume of 8 cm3 and the mice exhibited a symptom of cachexia. (A) Photographs of gross and histological representative tumour

metastases within lungs arising from EMT6/mag-1 KD, scramble control and mock control cells. Scale bars represent 50 lm. (B) Total weight of
tumour mass was measured after mice were dissected. (C) The numbers of metastatic foci within the histological specimen of lungs in each group

observed and counted under light microscope. (D) Metastatic frequency following allograft injection of breast cancer cells. In all studies, statistical
significance was determined using One-way ANOVA with non-parametric analysis comparing data points to the scramble or mock control. Bars show

the standard error of the mean.*P < 0.05; **P < 0.01. (Scale bar: 200 lM).
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embryonic kidney cells, HEK293T (Fig. 6B). Given that both p70S6K1
and 4EBP1 are two specific effectors of mTOR activation, we exam-
ined the effect of rapamycin, a specific inhibitor of mTOR activation,
on the increased S6K1 and 4EBP-1 phosphorylation in PLA801C and
HEK293T cells with overexpressed mag-1. As is shown in Figure 5A
and B, the serum-stimulated phosphorylation of p70S6K1-T389 and
4EBP1-T70 was completely blocked in the presence of rapamycin in
both PLA801C/mag-1 and HEK293/mag-1 cells. There was no signifi-
cant difference in the phosphorylation of Akt between control and
mag-1-overexpressing cells (Fig. 6A and B), indicating that the over-
expression of mag-1 led to direct activation of mTOR pathway, but
had no influence on upstream PI3K/AKT pathway. Accordingly, when
we down-regulated the endogenous mag-1 expression of PLA801D,
the phosphorylation of S6K1 and 4EBP-1 phosphorylation reduced in
PLA801D/mag-1 KD cells. Meanwhile, the level of phosphorylated Akt
showed no difference between control and mag-1 knocked-down cells
(Fig. 6C).

As HIF-1a protein itself is a downstream target of mTOR, we
further detected the effect of mTOR inhibition by rapamycin on

mag-1-mediated HIF-1a accumulation. Figure 6D indicated that
HIF-1a significantly declined in H1299/mag-1 cells after the rapa-
mycin treatment either under hypoxia or normoxia condition. The
above data suggested that mag-1 as a signalling regulator in the
activation of mTOR pathway contributes to the accumulation of
HIF-1a.

mag-1-mediated mTOR signalling is required for
metastasis

To further examine whether or not mag-1 promoted cancer metasta-
sis via activating mTOR signalling pathway, PLA801C/mag-1 cells
were treated or left untreated by 20 nM rapamycin for 24 hrs prior to
cytological analysis. As is shown in Figure 7A, the addition of rapa-
mycin reduced the elevated cell migration of PLA801C/mag-1 cells
across the injury line during the follow-up period of 20 hrs (compared
to the untreated cells, P < 0.01). The rapamycin treatment also made
significant change of cell migration in mock control cells. Cell

A

C

D

B

Fig. 4mag-1 induces the accumulation of HIF-1a protein under hypoxia. (A) H1299 cells stably transfected with mag-1 or vector were cultivated
under normoxia or hypoxia (0.5% O2) for 12 hrs. HIF-1a protein was detected using Western blot. (B) Endogenous mag-1 was knocked down by

specific shRNA in EMT6 cells. EMT6/mag-1 KD and scramble control cells were subjected to hypoxia for 12 hrs. Protein accumulation of HIF-1a
was analysed using Western blot (upper two lines), whereas the corresponding mRNA levels of HIF-1a were assessed using RT-PCR (lower two

lines). (C) H1299/mag-1 and vector control cells were subjected to hypoxia for the indicated time. The induction of mag-1 expression was analysed
using Western blot. (D) Effects of mag-1 overexpression on HIF-1a half-life. mag-1-stably transfected H1299 and mock control cells were incubated

in hypoxia for 8 hrs and then treated with 25 g/ml cycloheximide, after which the decay of HIF-1a was monitored at the indicated times using Wes-

tern blot.
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Fig. 5mag-1 potentiates the transcriptional activity of HIF-1a under hypoxia. (A) and (B) H1299 cells and COS-7 cells were plated 18 hrs before transfec-
tion by Mega Tran 1.0 (Origene) according to the manufacturer’s instructions. The following plasmids were co-transfected into cells: 500 ng HRE-Luc in

combination with 0.5 ng of the Renilla internal control CMV-pRNL (Promega, Madison, WI, USA), and 0.2, 0.4 or 0.6 lg pcDNA3.1/mag-1. After transfec-

tion, cells were cultured 6–10 hrs under hypoxia or normoxia conditions. The total amount of DNA transfected was adjusted to 0.6 lg with pcDNA3.1
(mock). (C) Stably transfected H1299/mag-1 cells and mock control were transfected only with HRE-Luc Luciferase and Renilla internal control plasmids.

Luciferase activities were measured 24–36 hrs after hypoxia using the Dual-luciferase reporter system according to the manufacturer’s protocol (Pro-

mega). The ratio of Firefly/Renilla luciferase activity was determined in relative light units (RLU). The data shown are from a representative experiment per-

formed in triplicate. Bars show the standard error of the mean. Statistical significance was determined using One-way ANOVA with non-parametric analysis
comparing data points to the scramble or mock control. **P < 0.01; ***P < 0.001. (D) Comparison of HIF-1a expression between H1299/mag-1 and

H1299/vector control cells under normoxia condition or exposure to hypoxia for 12 hrs using immunofluorescent staining. The representative results were

observed and photographed under Zeiss Confocal laser-scanning microscope. Scale bars represent 20 lm. (E) and (F) Real time PCR analysis were per-

formed in triplicate in three independent experiments to confirm the effect of manipulating the expression of mag-1 gene on HIF-1-induced VEGF mRNA
expression in H1299 (E) and EMT6 (F) cells under normoxia and hypoxia conditions. GAPDH was used to normalize the quantitative real time PCR results.

The results are presented as bar graphs showing the means ± S.D.
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Fig. 6mag-1 induces activation of mTOR signalling transduction pathway. (A) HEK293 and PLA801C cells were transfected with pcDNA3.1/mag-1

and control vector for about 12 hrs followed by serum starvation for 24 hrs and then stimulated with 10% foetal bovine serum for 20 min. prior to
cell lysis. For inhibitory assay, cells were treated with 20 nM rapamycin 30 min. before serum stimulation. The levels of regulators in PI3K/AKT/

mTOR signalling pathways were detected using Western blot using the antibodies shown to the left of the panels. (B) PLA801C and HEK293 cells

were co-transfected with pcDNA3.1/mag-1 and pcDNA3.1/S6K1 plasmids followed by the treatment as mentioned above. The phosphorylation of
exogenous p70S6K1 (T389) was analysed using Western blot. (C) PLA801D cells stably transfected with mag-1/shRNA or scramble control shRNA

were cultured with serum-free medium for 24 hrs and then stimulated with 10% foetal bovine serum for 20 min. prior to cell lysis. The phosphory-

lation of p70S6K1 (T389), 4EBP-1(T70) and AKT (S473) were analysed using Western blot using the specific antibodies respectively. (D) H1299/
mag-1 cells were exposure to hypoxia for 8 hrs or under normoxia, followed by 20 nM rapamycin treatment for 1 hr prior to cell lysis. The level of
HIF-1a and phosphorylation of p70S6K1 (T389) was analysed using Western blot. The line of b-Actin indicated the equal loading as an internal

control.
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adhesion assay revealed that rapamycin abolished the increased cell
migration of PLA801C/mag-1 cells to Matrigel, which was in contrast
with the untreated cells (P < 0.001; Fig. 7B). Furthermore, inhibition
of mTOR signalling pathway by rapamycin depressed the invasion
capability of PLA801C/mag-1 cells compared to the untreated cells

(P < 0.001; Fig. 7C). Collectively, these results provided the evidence
that mTOR signalling activation played a central role in mag-1 regulat-
ing metastasis of lung cancer cells, and the disruption mTOR signal-
ling might significantly prohibit the metastatic promotion function of
mag-1.

A

C

B

Fig. 7 Effect of mag-1 on tumour metastasis was significantly interrupted by mTOR inhibitor, rapamycin in vitro. (A) Effect of rapamycin on cell
migration of PLA801C/mag-1 and mock control cells. Stably transfected PLA801C/mag-1 cells were treated or left untreated with 20 nM rapamycin

for 12 hrs, and then subjected to wound healing assay. Representative photographs of wound closure monitored under microscope are shown and

the wound healing rate was calculated as indicated in experimental procedures. (B) Effect of rapamycin on adhesion of PLA801C/mag-1 and mock

control cells to Matrigel. Cells were pretreated or not by 20 nM rapamycin for 24 hrs, and then plated in the microwells coated with Matrigel. The
detailed method is as mentioned previously. (C) Effect of rapamycin on cell invasion through Matrigel-coated transwell. Cells were pretreated or not

by 20 nM rapamycin for 24 hrs, and then plated in the Matrigel-coated upper microwells of transwell. Each assay was performed thrice in triplicate.

Bars show the standard error of the mean. Statistical significance was determined using One-way ANOVA with non-parametric analysis comparing data

points to the scramble or mock control. **P < 0.01; ***P < 0.001.
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Discussion

Tumour microenvironment is heterogeneous as a result of the defi-
ciency vasculature and the out-of- control growth of cancer cells. The
majority of malignant solid tumours have been found to prosper
under the microenvironment of low oxygen tension or hypoxia [38,
39]. Tissue hypoxia significantly contributes to tumour invasion and
metastasis by the mechanisms of altering malignant cell mobility,
migration, invasiveness and angiogenesis [40]. In turn, tumour cells
establish a specific accommodation system, such as genetic instabil-
ity, aerobic glycolysis, abnormal apoptotic signals and loss of cell
cycle control, fostering tumour progression and metastasis [41]. Can-
cer cells initiate hypoxia response by manipulating the master switch
regulators and stimulating the expression of several genes responsi-
ble for the survival and metastasis of tumour cells. Moreover, cancer
cells actively perform ‘metabolic reprogramming’ mechanism to rein-
force the nutritional and energy supply, promoting tumour progres-
sion and aggressive dissemination [42–44]. Therefore, it is a critical
priority to identify the key regulators that contribute to the develop-
ment of tumour microenvironmental adaptation mechanisms.

In this study, we have identified unique roles of the metastasis-
associated gene mag-1 which presents dual functions in regulating
hypoxia and metabolism, the two important aspects in microenviron-
mental adaptation. HIF-1a is the master transcriptional regulator that
facilitates cellular adaptation to low oxygen availability [45]. Here, we
showed that mag-1 influences significant accumulation of HIF-1a
under hypoxia condition. HIF-1a is targeted for degradation by prolyl
hydroxylases (PHD), resulting in ubiquitination by VHL ubiquitin
ligase and degradation by the proteosomal pathway [46, 47]. Under
hypoxia condition, PHD was suppressed, leading to HIF-1a protein
stabilization. Thus, mag-1 might interfere with the degradation of HIF-
1a and mediate its accumulation. On the other hand, mag-1 also
induces HIF-1a transcriptional activity, which contributes to the eleva-
tion of VEGF expression to develop neovasculature and glycolytic
metabolic shift by inducing the expression of genes encoding glucose
transporters (Glut1) to provide glucose supply.

It is worth mentioning that mag-1 can stabilize HIF-1a protein
in normoxia. In fact, there are some related reports demonstrating
the regulation of HIF-1a protein under normoxia condition. Immu-
nohistochemical examination of brain, kidney, liver, heart and skele-
tal muscle reveals that HIF-1a appears in the mice living under
normoxic condition and increases further in response to systemic
hypoxia [48]. Some molecules were proved to induce the increase
of HIF-1a protein in normoxia. It is reported that interleukin-1b
normoxic induction of HIF-1a can be performed by involving the
extracellular signal-regulated kinase 1/2 pathway in normal human
cytotrophoblast cells [49]. In addition, Nitric oxide is another effec-
tor that impairs normoxic degradation of HIF-1a by the inhibition
of prolyl hydroxylases [50]. Further detailed investigation into the
mechanism of mag-1- induced stabilization HIF-1a will be valuable
to unveil the function of mag-1 in tumour microenvironmental
adaptation and metastasis.

Moreover, mag-1 was also demonstrated as a potent activator
of mTOR signalling pathway, promoting protein synthesis by the

phosphorylation of p70S6K1 and 4EBP1. The application of rapa-
mycin could suppress mag-1-induced mTOR activation accompa-
nied by the inhibition of increased cell migration, adhesion and
invasion. Notably, HIF-1a protein itself is a downstream target of
mTOR which contributes to oxygen-independent regulation of HIF-
1a [18, 51–53]. HIF-1a protein expression and the related activity
can also be slightly increased by mag-1 under normoxia, indicating
the accumulation of HIF-1a protein, at least in part might result
from mag-1-induced mTOR pathway activation. In this regard,
mag-1 integrates its function by regulating mTOR pathway with the
stabilization HIF-1a, and the underlying mechanisms deserve to be
explored. Together, these proofs demonstrate that mag-1 makes
cancer cells prone to adapting tumour microenvironment during
their progression and metastasis. Naturally, if we cause knock-
down, the endogenous mag-1, the intrinsic metabolism and cellular
reaction against hypoxia will be interrupted, resulting in the decline
of total tumour weight and the numbers of decreased metastatic
nodules in vivo.

During the study on mag-1 in progress, a novel human LPAAT
isozyme, LPAAT-h was cloned by Tang et al. that shares 100%
identity with mag-1, whereas its function has not been clarified yet
[30]. Later that year, the same sequence was reported as a micro-
somal acyl-CoA: glycerol-3-phosphate acyltransferase, GPAT3,
which is a major contributor to GPAT activity in 3T3-L1 adipocytes
[33], and also found to be regulated by insulin-stimulated phos-
phorylation and plays a distinct role in adipogenesis [32]. Recently,
Sukumaran et al. showed that the same cDNA has only AGPAT
activity instead of the GPAT activity in HEK293 cells. Until now,
there has been no reasonable explanation of the discrepancy of two
distinct enzymatic activities presented by the same cDNA sequence.
Which mag-1 enzymatic activity possesses tumour metastatic cas-
cades and whether this lipid biogenesis activity is necessary for
manipulating metastasis is worthwhile to determine in the future
work.

In conclusion, our findings that mag-1 is indispensable to tumour
metastasis via dual regulation mechanism in tumour microenviron-
ment suggest that the intervention in its function has valuable impli-
cations for the treatment of metastatic disease.
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