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Abstract: This study aims to explore the mechanism of glioblastoma multiforme (GBM) in hypoxia through me-
tabolomic and proteomic analysis. We showed that the migration and invasiveness of LN18 cells was significantly 
enhanced after 24 h of hypoxia treatment. The metabolomic and proteomic profiling were conducted in LN18 cells 
cultured under hypoxia condition. Correlation analysis between significant differential metabolites and proteins re-
vealed seven proteins and ten metabolites, of which metabolite L-Arg was negatively correlated with P4HA1 protein. 
Meanwhile, the expression of HIF1α, nNOS and P4HA1 was up-regulated, and the concentration of L-Arg and NO 
was decreased and increased respectively. Knockdown of HIF1α reduced the expression of nNOS and P4HA1, the 
concentration of NO and the invasiveness of cells, while increased the concentration of L-Arg. Similar changes on 
P4HA1 expression, the concentration of L-Arg and NO were observed when the expression of nNOS was disrupted. 
Lastly, knockdown of P4HA1 impaired the invasion of LN18 and T98G cells, probably through regulating the ex-
pression of Vimentin, MMP2, MMP9, Snail and E-cadherin. Consistent trends on both the overexpression of these 
relevant genes, as well as the concentration of L-Arg and NO were also observed in all our overexpression experi-
ments. Besides, we investigated the relationship between P4HA1 expression and prognosis by MTA, CGGA and TCGA 
databases. Increased P4HA1 level was correlated poor prognosis with advanced histological grade. In summary, we 
found that hypoxia promotes the migration and invasion of GBM via the L-Arg/P4HA1 axis which maybe an effective 
molecular marker or predictor of clinical outcome in GBM patients.
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Introduction

Glioblastoma multiforme (GBM) is the most 
common primary malignant tumor in the cen-
tral nervous system [1]. Widespread invasive 
growth is one of the most important character-
istics in GBM, which results in blurring bound-
ary between tumor cells and surrounding nor-
mal brain tissue. This feature explains the diffi-
culty of complete removal of the tumor tissue 
during surgery, and thus high recurrence rate 
afterwards. The average survival of GBM pa- 
tients is only about 1 year with routine radio-
therapy and chemotherapy after surgery treat-
ment [2-4]. Therefore, understanding the me- 
chanism of GBM invasiveness is critical for 
designing effective therapeutic interventions. 

Numerous studies have shown that hypoxic 
microenvironment plays important roles in 
determining GBM invasiveness, along with 
other intrinsic properties of cancerous cells. 
GBM obtains oxygen and nutrients through the 
diffusion of new blood vessels. As the tumor 
enlarges, the neovascular tumors expand, dis-
tort, and mutate abnormally. The increase of 
the oxygen diffusion distance in the blood ves-
sels induces hypoxia in GBM [5, 6]. It has been 
reported that hypoxia causes phenotypic alter-
ation of glioblastoma from perspectives rang-
ing from genomics, transcriptomics, proteom- 
ics to metabolomics. Chen et al. used a three-
dimensional hydrogel method to find that hy- 
poxia can stimulate glioblastoma invasion by 
affecting matrix composition and metabolic 
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reprogramming [7]. Gagner et al. found that 
hypoxia promotes invasion and migration of 
glioblastoma by activating HIF1α, chemokine 
CXC motif receptor 4 (CXCR4), and expression 
of other hypoxia response elements [8]. Alth- 
ough it is known that glioblastoma prefer to 
reside in a relatively hypoxic environment, 
which accelerates its invasiveness, the expli- 
cit biological mechanism remains a mystery. 
Previously, studies of the effects of hypoxia  
on glioblastoma phenotype have been focus- 
ed on understanding the functions of single 
genes, such as HIF1α, etc [9-11], These kind  
of research could not assess the influence of 
molecular biological changes of GBM cells at 
the systems level, thus severely limit the under-
standing of how hypoxia triggers cancer cell 
spreading, and further prevent the pace of tar-
geted drug development for clinical treatment. 
Currently, integrative multi-omics research has 
become one of the most powerful tools for 
exploration of mechanisms under tumorigene-
sis and progression [12-14]. Among those 
methodology, proteomic and metabolic analy-
sis have their own advantage to facilitate the 
discovery of proteins and metabolite compo-
nents that reflect the nutrition and state of can-
cerous cells, as well as reveal the network inter-
actions of the underlying mechanism [15-17]. 

To identify the key players that mediate the  
cell migration and invasion of glioblastoma in 
hypoxic microenvironment, we carried out the 
metabolic and proteomic profiling on glioblas-
toma cell lines under hypoxia conditions.  
The analysis identified significant differential 
metabolites and proteins that enhance the 
migration and invasion of the glioblastoma on 
hypoxia. Subsequencially, we investigated the 
downstream targets of these individual genes 
and metabolites, and how they cooperate 
together to stimulate the migration and inva-
sion of glioblastoma.

Moreover, we investigated the expression of 
P4HA1 by immunohistochemistry (IHC) on a  
tissue microarray (TMA) including 128 glioma 
specimens and investigated its association 
with the survival outcome. Besides, we select-
ed 975 and 652 glioma patients from Chinese 
Glioma Genome Atlas (CGGA) and The Cancer 
Genome Atlas (TCGA) databases, separately. 
Our findings provide strong evidence that cy- 
toplasmic P4HA1 expression is a prognostic 

marker and a promising therapeutic target in 
GBM.

Materials and methods

Cell culture

The human malignant glioma cell line, LN18, 
was purchased from ATCC. The T98G cell lines 
were kindly provided by Professor Yifang PING 
(Institute of Pathology & Southwest Cancer 
Center, Southwest Hospital, Army Medical Uni- 
versity, China). The authenticity of these cell 
lines was confirmed by the STR profiling analy-
sis. The cells in the control group were cultured 
in a medium consisting of 90% Dulbecco’s 
Modified Eagle Medium (DMEM) with 10% fetal 
bovine serum in a humidified atmosphere of  
5% CO2 at 37°C. The cells in the hypoxia group 
were initially cultured under the same condi- 
tion as the control group for 12 h and then 
transferred to an incubator with 5% CO2, 1% O2 
and 94% N2 at 37°C.

Wound-healing assay

LN18 cell lines were seeded into 12-well pla- 
tes precoated with Matrigel and allowed to 
migrate through a polycarbonate membrane in 
normoxia (37°C and 5% CO2) or hypoxia (37°C, 
1% O2, 5% CO2, and 94% N2) chambers for 12  
h, 24 h, 48 h and 72 h. LN18 and T98G cell 
lines were transfected with NC P4HA1 and 
siP4HA1 and grown to normoxia or hypoxia 
chamber for 24 h, separately. Images were 
taken after wounding, and the distance bet- 
ween the wound edges was measured using 
the TCapture on images captured with the SDC-
500 microscope of 40×. The experiments were 
performed in triplicate and repeated three 
times.

Transwell migration assay

Log phase growth LN18 and T98G cell lines 
were seeded into 24-well plates with transwell 
chamber precoated with Matrigel and allowed 
to migrate through a polycarbonate membrane 
in normoxia (37°C, 21% O2, 5% CO2 and 94% 
N2) or hypoxia (37°C, 1% O2, 5% CO2 and 94% 
N2) for 12 h, 24 h, 48 h and 72 h, separately. 
LN18 and T98G cell lines were transfected  
with NC P4HA1 and siP4HA1 and grown to nor-
moxia or hypoxia chamber for 24 h, separate- 
ly. After the treatment, the transwell insert was 
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removed from the plate and remaining media 
and the cells were carefully wiped out. Then the 
chamber was placed into methanol to for cell 
fixation, followed by crystal violet staining. Then 
the membrane was dipped into distilled water 
to remove the excess crystal violet. The dried 
membrane then was examined under a micro-
scope and the number of cells were counted for 
the migrated cells through the transwell mem-
brane. The experiments were performed in trip-
licate and repeated three times. 

Metabolomics analysis

The LN18 cells were cultured for 24 h under 
normoxia or hypoxia condition before harvest. 
The cells were then resuspended in 200 μl 
deionized water and 40 μl of the total volume 
was transferred to a new eppendorf tube. 
Repeat this step 6 times. To each tube, care-
fully added a stainless steel bead following  
120 μl methanol (-80°C) and homogenized  
the samples at 60 Hz for 4 min using the 
TissueLyser (Shanghai Jingxin Industrial Deve- 
lopment Co., Ltd., China). The homogeneous 
mixture was stored at -20°C for precipitation 
overnight before centrifugation. 10 μl of the 
aqueous layer was loaded on high-resolution 
tandem mass spectrometer Xevo G2 XS QTOF 
(Waters, UK) to detect the metabolites. The 
detailed parameters were described previously 
[18].

Proteomics analysis

The LN18 cells were cultured for 24 h under 
normoxia or hypoxia condition before harvest. 
The cells were lysed in 8 M Urea, 30 mM  
HEPES, 1 mM PMSF, 2 mM EDTA, 10 mM DTT 
and sonicated for protein extraction. After cen-
trifugation, the supernatant was solubilized 
with DTT to 10 mM and incubated at 56°C for  
1 h. Following incubation, in each sample, 55 
mM IAA (IAM) was added, and the samples 
were alkylated for 1 h in the dark at room tem-
perature. After that, 20 ug protein extraction 
from each sample were loaded in 10 k MWCO 
(Millipore) for rapid protein concentration. 200 
μL of 25 mM NH4HCO3 was added for the sec-
ond round of centrifugation. The concentrated 
protein was subjected to digestion with 0.9 μg 
trypsin at 37°C for 24 h. Dry the digested sam-
ple to completion using the SpeedVac. Pep- 
tides were dissolved in 0.1% formic acid and 
analyzed using Q-Exactive mass spectrometer 

(Thermo Fisher) as described by the manual of 
the machine. 

MRM analysis

For the MRM confirmation, total protein was 
extracted from LN18 and T98G cells culture 
under both normoxia and hypoxia conditions 
after 24 h. 1 µg of trypsin was added to 30 µg 
of each protein solution for digestion at 37°C 
for 24 h. The digests were dried and each pre-
cipitate was dissolved and pooled together at 
0.5 µg per sample. 2 µg of the mixed peptides 
was subjected to Sciex QTRAP 6500 for identi-
fication. The raw mass data were processed 
with Proteome Discover 1.3 (Thermo Fisher 
Scientific) and searched with MASCOT 2.3.01 
(Matrix Science, London, U.K.) against uniprot_
human_9606. The targeted peptides of the 
corresponding proteins were filtered and ex- 
tracted using Skyline. The average area value 
of all peptide peak from the same protein was 
used to indicate the protein abundance.

Plasmid and transfection

LN18 and T98G cells were cultured to 85%-
90% confluency and lipofectamine-2000 (Invit- 
rogen, Carlsbad, CA, USA) was employed for 
transfection. For each target gene, both siRNA 
and one scrambled siRNA as control were 
included. The knockdown efficiency was evalu-
ated after 48 h of transfection. The sequences 
of small interfering RNA (siRNA) targeting 
HIF1α, nNOS or P4HA1 and its negative control 
siRNA (NC) containing scrambled sequences 
are listed as follows: siHIF1α-1 sense: UAUUU- 
GUUCACAUUAUCAGdtdt; siHIF1α-1 antisense: 
CUGAUAAUGUGAACAAAUAdtdt; siHIF1α-2 sen- 
se: AAUAAGAAAAUUUCAUAUCdtdt; siHIF1α-2 
antisense: GAUAUGAAAUUUUCUUAUUdtdt; NC 
HIF1α sense: UGUUAUCACAUUCAUGUAUTT; NC 
HIF1α antisense: AUACAUAAUGAUGAUAACATT; 
sinNOS-1 sense: GUCAUUAGCAGUAGACAGAdt- 
dt; sinNOS-1 antisense: UCUGUCUACUGCUAA- 
UGACdtdt; sinNOS-2 sense: CAGAAUACAGGC- 
UGACGAUdtdt; sinNOS-2 antisense: AUCGUCA- 
GCCUGUAUUCUdtdt; NC nNOS sense: UUCUC- 
CGAACGUGUCACGUTT; NC nNOS antisense: 
ACGUGACACGUUCGGAGAATT; siP4HA1-1 sen- 
se: UUUUAUUUGUUCUAACUUGdtdt; siP4HA1- 
1 antisense: CAAGUUAGAACAAAUAAAAdtdt; 
siP4HA1-2 sense: AAUUUGAAUGCAUUUACUG- 
dtdt; siP4HA1-2 antisense: CAGUAAAUGCAUU- 
CAAAUUdtdt; NC P4HA1 sense: AAUUACUGUU- 
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CAAUAUUGTT; NC P4HA1 antisense: CAAUAU- 
UGAACAGTAAUUTT. 

Construction of overexpression plasmid

The overexpression plasmids were constructed 
through PCR by using the following primers for 
each gene: HIF1α: forward-CGCGGATCCATGT-
GTGAGGTGATGCCCACAAT; reverse-CGCGGCC- 
GCTATGGCCGACGTCGACCTAGTCCCGGAAGG- 
CGGAGA; nNOS: forward-CCCAAGCTTATGTCC- 
CTCTCTTCTCTCTGTCCTG; reverse-CCGCAATTC- 
CTACACGGCGATCTCATCATCC; P4HA1: forward- 
CCCAAGCTTATGATCTGGTATATATTAATTATAGG- 
AATTCTGCTTC; reverse-CCCTCGAGCCAAAGAC- 
TGGGGAAGCAGAATTC. The accuracy of the 
cDNA sequence was confirmed by sequencing.

qRT-PCR

LN18, T98G and transfected cells in both con-
trol and hypoxia groups were harvested for RNA 
extraction. Total RNA was isolated by TRIzol 
(Invitrogen, Grand Island, NY, USA) according to 
the manufacturer’s instructions, and 1 μg RNA 
was converted to cDNA using the Superscript  
III First-Strand Synthesis System (Invitrogen). 
The following primer sets were used for RT- 
PCR: HIF1α-F: AGTGTACCCTAACTAGCCG; HIF- 
1α-R: CACAAATCAGCACCAAGC; nNOS-F: ATC- 
CGCTACGCTGGCTAC; nNOS-R: GATGGGAACT- 
TCCAACACC; P4HA1-F: GGAACAAGCCCTAAGG- 
CAACT; P4HA1-R: TGGCAGGTAATCCACAGCAAC; 
β-actin-F: ATCCGCTACGCTGGCTAC; β-actin-R: 
CTGGAGGAATCTGGAAGAGC. The RT-PCR prod-
ucts (5 ul) were resolved on a 2% agarose gel 
and visualized by ethidium bromide staining. 
The experiments were performed in triplicate 
and repeated three times.

Western blot

For preparing the whole-cell extract, cells were 
harvested and lysed in RIPA buffer containing 
50 mM Tris-HCl [pH 7.4], 1% Nonidet P-40, 
0.25% sodium deoxycholate, 150 mM NaCl, 1 
mM EDTA, 1 mM PMSF, 1 mg/ml aprotinin, 1 
mg/ml leupeptin, 1 mg/ml pepstatin, 1 mM 
Na3VO4, and 1 mM NaF. Protein concentration 
of the lysate was quantified by the use of BCA 
Kit. Cell lysates were loaded onto an SDS- 
PAGE gel and separated by electrophoresis. 
After transfer of the proteins onto a piece of 
nitrocellulose membrane, the target molecules 
were detected by Western blotting using corre-

sponding primary Abs HIF1α, P4HA1, E-cad- 
herin, MMP2, MMP9, Snail Ab (Proteintech), 
GAPDH, Tubulin and nNOS Ab (Cell Signaling) 
and Vimentin Ab (Arigo), HRP-conjugated sec-
ondary Ab (Proteintech), and an ECL Detection 
kit (Thermo Pierce). Quantification of protein 
expression levels was performed using Image J 
from NIH. The experiments were performed in 
triplicate and repeated three times.

Quantification of L-Arg and NO concentration

LN18, T98G and transfected cells were cul-
tured in both normoxia and hypoxia conditions 
with the presence of various concentrations  
of L-Arg and sodium nitroprusside (Selleck 
Chemicals). The cells were harvested after 24  
h and lysed on ice for 30 min (100 μL lysis buf-
fer/million cells). The lysate was mixed with 
reagents from L-Arginine assay kit (JianglaiBio) 
or nitric oxide assay kit (AmyJet Scientific Inc.) 
according to the manufacturer’s instructions. 
The L-Arg and NO concentration was deter-
mined by fluorometric absorbance at 540 nm 
on spectrometer. The experiments were per-
formed in triplicate and repeated three times.

Tissue microarray and immunohistochemistry

The protocol of the study was approved by the 
ethics committee at the Chenggong Hospi- 
tal Affiliated to Xiamen University, General 
Hospital of Central War Zone and The Ninth 
People’s Hospital, Shanghai Jiaotong Univer- 
sity School of Medicine. The glioma tissue 
microarray was provided by above mentioned 
hospitals. Written informed consent was ob- 
tained from all patients and/or family mem-
bers. A rabbit polyclonal anti-P4HA1 antibody 
(1:200, Proteintech) was used for immunohis- 
tochemistry staining according to its instruc-
tion. All sections were scored by two indepen-
dent pathologists in a blinded fashion. In par-
ticular, the intensity of positive staining in the 
cytoplasm was scored on a scale of 0-3 (0: 
negative; 1: light brown; 2: medium brown; 3: 
dark brown). The percentage of positive stain-
ing cells was scored as 1 (1-25%), 2 (26-50%),  
3 (51-75%) and 4 (76-100%). When duplicated 
cores show different staining, the higher score 
from the two tissue cores was taken as the 
immune reactivity score (IRS) [19]. The final 
score was calculated by multiplying the scores 
of staining intensity and the percentage of  
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positive cells. Based on IRS, P4HA1 staining 
pattern was defined as: low (IRS: 0-7) and high 
(IRS: 8-12).

CGGA and TCGA data proceeding

Gene expression and glioma patient survival 
data were downloaded from the TCGA (www.
cancaergenome.nih.gov) and the CGGA (www.
cgga.org.cn). The CGGA and TCGA database 
provides multiple types of data of 975 and 652 
glioblastoma cases. The expression value of 
P4HA1 was classified as either high or low. 
Survival probability was calculated in days from 
the date of diagnosis to the time of death.

Statistic analysis

All data was analysed by GraphPad Prism 5 
software and expressed as the mean ± stan-
dard deviation (SD). Statistically significant dif-
ferences between groups were determined by 
one-way analysis of variance (ANOVA), wilcox. 
test, pearson correlation analysis and unpaired 
two-sample Student’s t-test. Other statistical 
computations and figures drawing were per-
formed with several packages in the statistical 
software environment R, version 3.3.2. ANOVA 
was employed to determine the difference of 
P4HA1 expression among gliomas with varied 
histological grades. OS curve was plotted with 
Kaplan-Meier method. All results were consid-
ered to be statistically significant at P<0.05.

Results

Hypoxia increases the migration and invasive-
ness of glioblastoma

To determine how the invasiveness of glioblas-
toma is affected by the oxygen content in the 
environment, we carried out the cell migration 
and invasion assays on LN18 cell lines cultur- 
ed under both hypoxic and normoxic condition 
for 12 h, 24 h, 48 h and 72 h. It is clear that 
migration distance of cells under hypoxia was 
longer than that under normoxia starting from 
24 h, and continue to increase until 72 h. No 
migration difference was observed within 12 h 
(Figure 1A and 1C), indicating that hypoxia 
could remarkably enhance the migration of 
LN18 cells. To check the invasion of glioblasto-
ma under hypoxia, in vitro assay was carried 
out on LN18 cell lines. The increased invasion 
is consistent with previous studies, although 

with some variation, which may be due to the 
different cell types [19, 20]. There was no sig-
nificant difference of cell invasiveness observ- 
ed at 12 h between hypoxic and normoxic con-
ditions. Increased cell invasion was seen under 
hypoxia from 24 h and continue to boost for  
the next 48 h (Figure 1B and 1D). For the rest 
of our study, we mainly focused on the 24 h 
time point as it is the earliest onset we observ- 
ed for different migration phenotypes and 
recent publication also followed the same time 
window to investigate systematic response to 
hypoxia in glioblastoma cell lines [21]. 

Profiling the metabolome of glioblastoma un-
der hypoxia and normoxia

To identify the core metabolites associated 
with hypoxia induced cell invasion, we per-
formed the liquid chromatography-mass spec-
trometry (LC-MS) to profile the metabolome on 
hypoxic LN18 cells. Six replicates were includ-
ed to reduce the bias and variabilities in the 
experimental process. Using the student’s 
t-test, we identified 564 down-regulated and 
596 up-regulated metabolites under hypoxia  
in the negative mode, as well as 901 up-regu-
lated and 1,057 down-regulated metabolites  
in the positive mode (Figure 2A, 2B and Table 
S1). The principal component analysis (PCA) 
reveals that the metabolome of LN18 cells 
undergo remarkable changes under hypoxia 
compared to normoxia, as samples from the 
two groups are well separated from the first  
two PCs (Figure 2C and 2D). Using these dif-
ferential metabolites, we conducted the hierar-
chical clustering analysis. In Figure 2E and 2F, 
we show the drastic difference in metabolic 
profile between normoxia and hypoxia, while 
the variances between replicates are negligi-
ble. The identified metabolites include many 
known molecules related to hypoxia or tumor 
invasion. For example, we successfully identi-
fied 4-hydroxyproline, reported as a metabolic 
marker in hypoxic cancer cells [22]. To system-
atically validate the hypoxia related metabo-
lomes discovered here, we carried out litera-
ture search in the top seventy metabolites. 
Eight of them (11%) have been shown associ-
ated with hypoxia response, while another six 
(9%) have been indicated in relation to tumor 
invasion and metastasis. Last, four of the 
metabolites (6%) have been reported to func-
tion in hypoxia-induced tumor migration [23, 
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24]. These results suggest that metabolic 
changes may be an important factor in hypoxia 
induced cell invasion. 

Profiling the proteome of glioblastoma under 
hypoxia and normoxia

We further performed the proteomic profiling of 
LN18 cells under normoxia and hypoxia to iden-

tify the major players during glioblastoma pro-
gression in response to hypoxia. Nine replicates 
from normoxic and hypoxic conditions were 
included. The two groups displayed clear sepa-
ration according to the first two PCs (Figure  
3A). Within a total of 2,348 quantifiable pro-
teins, the abundance of 62 proteins is found  
to be significant altered (FDR<0.05 and fold 
change >1.5 or <0.67) (Figure 3B), including 28 

Figure 1. Hypoxia enhances glioblastoma cell migration and invasion. A, C. Wound-healing assays revealed the 
migration activity of LN18 cells in response to hypoxia in time course from 12 h up to 72 h. B, D. Transwell migra-
tion assay revealed the invasion activity of LN18 cells in response to hypoxia in time course from 12 h up to 72 h. 
Results are presented as mean ± SD; n=3; # comparison of hypoxia to normoxia, ##0.01<P<0.05, #P<0.05, one-
way ANOVA test.
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up-regulated proteins and 34 down-regulated 
proteins, which were listed in Table S2. In Figure 
3C, we show the drastic difference in proteomic 
profile between normoxia and hypoxia, while 
the variances between replicates are negligi-
ble. Among these differentially expressed pro-
teins, 27 (44%) have been demonstrated to be 

involved in hypoxia responses and up to 28 
(45%) are related to tumor invasion [25-27]. 21 
of them (34%) are associated with both biologi-
cal processes, such as P4HA1 and P4HA2 [28-
30]. To define the signaling pathways correlat-
ed with these proteins, we conducted GO term 
enrichment analysis. The top pathways that 

Figure 2. Overview of metabolic alternation in hypoxic glioblastoma cells. A, B. The altered metabolites in positive 
and negative modes are visualized in volcano plot. Up and down regulated metabolites are shown in red and green 
respectively. C, D. PCA analysis is performed to visualize the general clustering trends of positive and negative me-
tabolites among the 12 experimental groups. Clear segregation of metabolic profiles was shown between hypoxia 
and normoxia groups. E, F. Heat maps show the hierarchical clustering analysis of the dataset consisted of metabo-
lites quantified in all 12 samples in either positive or negative mode.  
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Figure 3. The landscape of differentially expressed proteins in response to hypoxia and integrative analysis reveals critical genes and metabolites of hypoxic re-
sponse in glioblastoma. A. PCA analysis is performed to visualize the general clustering trends among the 18 experimental groups. There is clear segregation of 
the protein profiles of the hypoxia group from the normoxia group. B. Differentially expressed proteins are visualized in volcano plot. Grey dots represent proteins 
without significant change, while the red and green dots denote up and down regulated proteins respectively. C. Heat map shows the hierarchical clustering analysis 
of the dataset consisted of proteins quantified in the 18 samples. D. Venn diagram for numbers of differentially expressed proteins associated with hypoxia or tumor 
invasion. E. A matrix of pairwise pearson correlations is shown between the 7 differentially expression proteins and 10 altered metabolites identified from integra-
tive analysis. Red and blue dots indicate positive and negative correlation respectively. The numbers in the dots represent the pearson correlation scores. F. MRM 
assays confirmed the expression of the 7 proteins in both LN18 and T98G cell lines. Color intensity represents the log2 fold changes.
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stand out are those involved in biological pro-
cess, such as pyridine-containing compound 
metabolic process and ATP metabolic process. 
Both pathways contain at least 5 or 6 dif- 
ferentially expressed proteins. The significantly 
altered proteins are also classified into path-
ways including cell junction, carbohydrate bind-
ing and monosaccharide binding, etc (Figure 
3D). When searching against KEGG database, 
we identified 8 significant signaling pathways 
(P<0.05) that all fall into the category of biosyn-
thesis and cellular metabolism (Table S3). 

Integrated analysis identifies key proteins and 
metabolites involved in hypoxia induced tumor 
migration

So far, we have identified a large number of 
metabolites and proteins associated with 
tumor cell invasion in response to hypoxia. To 
narrow down the list on the ones that are most 
relevant to the physiological process, we 
screened out those population by performing 
integrative analysis to identify the key path- 
ways involved in hypoxia using both differential 
expressed proteins and metabolites. This anal-
ysis resulted in nine commonly enriched path-
ways (galactose metabolism, biosynthesis of 
amino acids, carbon metabolism, arginine and 
proline metabolism, fructose and mannose 
metabolism, biosynthesis of amino acids, car-
bon metabolism and arginine and proline 
metabolism). Then we found the significantly 
changed metabolites and proteins associated 
with these pathways. In summary, a total of 10 
metabolites were identified. They are 10-For- 
myltetrahydrofolate, Galactitol, Guanosine di- 
phosphate, L-Arginine, L-Asparagine, L-Methio- 
nine, L-glutamic acid, L-lysine, L-Tryptophan and 
S-Adenosylmethioninamine. The list of proteins 
includes MIF, PFKL, PGM1, P4HA1, PGAM1, 
P4HA2 and PFKP. To investigate the relation 
between the differentially expressed genes and 
the significantly altered metabolites, we calcu-
lated the pairwise Pearson’s correlation scores 
using their relative quantification. The matrix of 
correlation scores showed that the seven pro-
teins are positive-correlated with 10-Formylte- 
trahydrofolate, Galactitol, Guanosine diphos-
phate, L-glutamic acid and S-Adenosylmethio- 
ninamine. On the other hand, they are anti-cor-
related with L-Arginine, L-Asparagine, L-Methio- 
nine, L-lysine and L-Tryptophan (Figure 3E). 

We selected the seven differential expressed 
proteins to validate the result using multiple 

reaction monitoring (MRM) experiments. Using 
two glioblastoma cell lines, LN18 and T98G, we 
show that all the proteins are consistently up-
regulated under hypoxia in both cell lines 
(Figure 3F). Among those, P4HA1 has the high-
est increase of its expression and it has the 
strongest negative correlation with L-Arginine 
(L-Arg). Together, these results help us to nar-
row down the number of both differentially 
expression protein and its correlated metabo-
lites and we sought to continue studying the 
molecular mechanism of how P4HA1 and L-Arg 
affect glioblastoma cell line migration under 
hypoxic conditions. 

Effect of hypoxia on the P4HA1 expression and 
L-Arg production

To confirm the up-regulation of P4HA1 under 
hypoxic conditions and its negative correlation 
with L-Arg, we first assured that hypoxia en- 
hanced migration was also observed in both 
LN18 and T98G cells (Figure 4A). The same 
effect was noticed on cell invasion. Both LN18 
and T98G cells showed an increased invasion 
activity when treated under hypoxia condition 
(Figure 4B). Then we examined expression of 
P4HA1 and L-Arg concentration in both LN18 
and T98G cell lines in response to hypoxia. 
Consistent with the results of proteomic and 
MRM analysis, the expression of P4HA1 was 
significantly increased, with its mRNA induced 
at approximately 2-fold and protein at 1.2-fold 
(Figure 4B and 4C). In contrast, the concentra-
tion of cellular L-Arg decreased by half when 
exposed to 1% O2 for 24 h (Figure 4D). 

We further assessed the expression and con-
centration levels of several other genes or mol-
ecules that have been implicated in hypoxia-
induced tumor progression. HIF1α is a tran-
scription factor that promotes extracellular 
matrix remodeling under hypoxic conditions by 
inducing P4HA1 and its activation is regulated 
by PI3k/Akt signaling pathway [24, 31]. Elevat- 
ed level of HIF1α is associated with cancer pro-
gression [32]. Indeed, we found that the upreg-
ulation of P4HA1 in hypoxic cells is associated 
with elevated expression of HIF1α (Figure 4B 
and 4C). A similar trend was observed on the 
expression of nNOS at both mRNA and protein 
levels. nNOS is another known hypoxia-depen-
dent factor, of which the expression level is 
HIF1α-dependent in neuroblastoma cells [33]. 
The NOSs family are key cellular enzymes for 
L-Arg catalyzation, and the produced nitric 
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oxide (NO) is a critical molecule for signaling 
transduction in physiological processes, such 
as tumor progression [34, 35]. Indeed, the NO 
concentration was increased robustly in res- 
ponse to hypoxia, which lined up well with the 
elevated nNOS expression and reduced L-Arg 
concentration (Figure 4D).  

To elucidate how L-Arg affects P4HA1 expres-
sion, we performed immunoblot assays and 
qRT-PCR using LN18 and T98G cell lines that 
have been treated with external supply of L- 
Arg under normoxic and hypoxic conditions. 
Interestingly, both mRNA and protein levels of 
P4HA1 showed a continuous increasing pat- 
tern in a L-Arg dose-dependent manner. Cells 
from hypoxic groups all exhibited higher ex- 
pression of P4HA1 than normoxic groups even 
with the presence of L-Arg as low as 4 mM 
(Figure 4E-G). Initially, this result seems to be 
controversial to what we have been reported  
so far, however, it is good evidence to support 
that upregulation of P4HA1 promotes glioblas-
toma invasion via elevated L-Arg catalyzation. 
Under hypoxia, increased expression of nNOS 
accelerates the decomposition of excess L-Arg 
into NO, leading to more hypoxic microenviron-
ment inside the cells, which thus further boost 
the expression of P4HA1 in response to hypo- 
xia. 

HIF1α and nNOS knockdown suppressed 
P4HA1 expression and invasion of LN18 and 
T98G cells under hypoxia

To investigate how HIF1α, nNOS and P4HA1 
cooperate together under hypoxic environment, 

we used siRNA to inhibit the expression of 
HIF1α and then examine the expression of both 
nNOS and P4HA1 genes. Immunoblot assays 
and qRT-PCR confirmed the efficient knock-
down of HIF1α in cells exposed to normoxia or 
hypoxia. Depletion of HIF1α resulted in the 
reduced expression of nNOS and P4HA1 at 
both mRNA (Figure 5A) and protein (Figure 5B) 
levels in LN18 and T98G under hypoxia. Under 
normoxia, no such change was observed in 
siHIF1α cells, compared with scrambled con-
trols. As expected, the L-Arg level was signifi-
cantly increased, while the NO concentration 
was decreased in siHIF1α cells in hypoxic envi-
ronment (Figure 5C). The concentrations of 
both L-Arg and NO stayed the same in normoxia 
in siRNA control groups. To further confirm that 
HIF1α could influence the expression of nNOS 
and P4HA1, we also performed the overexpres-
sion experiment in both LN18 and T98G cell 
lines. Interestingly, when HIF1α was overex-
pressed in both cell lines, neither nNOS or 
P4HA1 mRNA expression was affected (Figure 
5D). Consistent with that, the nNOS protein 
level stays the same with increased HIF1α ex- 
pression. However, overexpressed HIF1α indu- 
ce upregulation of P4HA1 protein (Figure 5E). 
Although the difference was not as robust as 
the knockdown experiments, it is still statisti-
cally significant. The inconsistency from HIF1α 
induction experiment may result from protein 
overexpression artifacts involving multiple fac-
tors. Regardless, actually, it has been shown in 
fibroblasts that hypoxia-induced P4HA1 expres-
sion was mediated by HIF1α. The knockdown of 

Figure 4. Hypoxia regulates P4HA1 expression and L-Arg production. A, B. Wound-healing and transwell migration 
assays revealed the migration and invasion activities of LN18 and T98G cells in response to hypoxia. C, D. Levels 
of the indicated genes and proteins were determined by qRT-PCR and immunoblot assay after culturing the LN18 
and T98G cells under normoxia and hypoxia for 24 h. E-G. Quantification of L-Arg and NO concentration in LN18 
and T98G cells under both hypoxic and normoxic conditions. Expression of P4HA1 at mRNA and protein levels in-
creased in the presence of external L-Arg in a dose-dependent manner. Results are presented as mean ± SD; n=3; 
* comparison to siCon and # comparison of hypoxia to normoxia, *** or ###P<0.01, ** or ##0.01<P<0.05, * or 
#P<0.05, one-way ANOVA test.
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Figure 5. HIF1α enhances the expression of nNOS and P4HA1 and catalyzation of L-Arg. A, B, D and E. Levels of 
the indicated genes and proteins were determined by qRT-PCR and immunoblot assay after culturing the LN18 and 
T98G cells under normoxia and hypoxia for 24 h. C. Quantification of L-Arg and NO concentration in siHIF1α LN18 
and T98G cells. F. Quantification of L-Arg and NO concentration in HIF1α overexpression LN18 and T98G cells. Re-
sults are presented as mean ± SD; n=3; * comparison to siCon and # comparison of hypoxia to normoxia, *** or 
###P<0.01, ** or ##0.01<P<0.05, * or #P<0.05, one-way ANOVA test.
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HIF-1α abrogated P4HA1 expression from 
hypoxic induction [28]. Here we found similar 
regulation mechanism of P4HA1 in glioblasto-
ma. Consistent with the result of siHIF1α cells, 
the L-Arg level was significantly decreased, 
while the NO concentration was increased in 
HIF1α overexpressed cells in hypoxic environ-
ment (Figure 5F). Taken together, these results 
suggest that both collagen hydroxylase and 
nNOS gene expression under hypoxia is HIF1α 
dependent.

We further studied the expression of P4HA1 
when transfecting siRNA of nNOS into LN18 
and T98G cells. Similar to the HIF1α, the 
expressions of nNOS and P4HA1 are positively 
correlated. Both mRNA and protein levels of 
P4HA1 decreased under hypoxia in nNOS 
knockdown cells, while its expression under 
normoxia remained the same (Figure 6A and 
6B). L-Arg concentration almost doubled (from 
38 nM to 62 nM in LN18, from 35 nM to 59  
nM in T98G) and the NO level decreased sig- 
nificantly in siRNA-nNOS cell cultured under 
hypoxia (Figure 6C). Lastly, to study whether NO 
concentration influences the expression of 
P4HA1, we treated the cells with nitric oxide 
donor (SNP) and assessed the expression of 
P4HA1 by both qRT-PCR and western blot. We 
found that the presence of SNP increased the 
expression of P4HA1 gradually with a dose-
dependent manner in both normoxic and hy- 
poxic microenvironment (Figure 6D and 6E). 
Compared to normoxic group, the expression  
of P4HA1 was always higher in every single  
SNP treatment in hypoxic group.

Similar effect was observed in nNOS overex-
pression cells. The expression level of nNOS 
was confirmed by both immunoblot assay and 
RT-PCR. Overexpression of nNOS lead to 
increased expression of P4HA1 at both mRNA 
(Figure 6F) and protein (Figure 6G) levels un- 
der hypoxia. No effect was found in normoxic 
microenvironment at all. As for the metabolic 
substitute, a significant reduction of L-Arg con-
centration was revealed in nNOS overexpres-
sion cells when cultured in hypoxic condition, 
while the NO concentration increased dramati-
cally. No such effect was seen under normoxia 
in the same nNOS overexpression cell lines 
(Figure 6H). Taken together, it implies that 
hypoxia promotes expression of nNOS through 
up-regulation of HIF1α, which may stimulate 

the oxidation of L-Arg to NO; and as an effector 
molecule, the resulting large amount of NO fur-
ther activates the expression of P4HA1 in glio-
blastoma cells.

P4HA1 regulates cell invasion and migration 
in glioblastoma through molecular switch for 
EMT program

We have shown that HIF1α and nNOS regulate 
the expression of P4HA1 in glioblastoma in 
response to hypoxia. Here we confirmed that 
P4HA1 is a downstream effector that moder-
ates the hypoxic-induced invasion and migra-
tion of glioblastoma by performing both the 
wound-healing and transwell assays. LN18 and 
T98G cells had higher migration baseline in 
response to hypoxia even with reduced ex- 
pression level of P4HA1. There is slightly de- 
creased migration in siP4HA1 LN18 cells at 
normal oxygen level compared with siCon  
cells; however, no difference was observed in 
T98G cells. Notably, knockdown of P4HA1 sig-
nificantly impaired the migration in hypoxic 
LN18 and T98G cells (Figure 7A). Depletion of 
P4HA1 has similar effect on glioblastoma cell 
invasion. The in vitro assay showed that both 
siP4HA1 LN18 and T98G cells exhibited de- 
creased invasiveness, fewer cells passed the 
transwell when P4HA1 was knockdown (Figure 
7B). Decreased cell invasion was also seen in 
normoxia, but the effect was much weaker 
compared with hypoxia. Consistently, both the 
migration (Figure 7D) and invasion (Figure 7E) 
activities of glioblastoma cells were elevated 
when P4HA1 was overexpressed. The number 
of both LN28 and T98G cells that invaded the 
well doubled after 24 h treatment under hypox-
ia. Because epithelial mesenchymal transition 
(EMT) has been implicated in cell invasion and 
tumor progression [36, 37]. And Gilkes et al. 
discovered that P4HA1 mediated extracellular 
matrix remodeling under hypoxic conditions to 
promote carcinoma invasion [28]. We investi-
gated the responses of multiple repressor and 
activator of EMT while disrupting P4HA1 ex- 
pression, to understand how P4HA1 modulates 
glioblastoma migration and invasion under 
hypoxia. After knockdown of P4HA1, expression 
of E-cadherin (epithelial marker) increased, 
while the expression of both Snail, Vimentin, 
MMP2 and MMP9 (mesenchymal markers) 
decreased in hypoxic groups, suggesting an 
inhibition of EMT program (Figure 7C). These 
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results were further confirmed by artificially 
overexpressing P4HA1. When the expression of 
P4HA1 was boosted, expression of E-cadherin 
(epithelial marker) decreased, while the expres-

sion of both Snail, Vimentin, MMP2 and MMP9 
(mesenchymal markers) increased in hypoxic 
groups (Figure 7F). All the results suggest that 
P4HA1 plays its role in glioblastoma invasion 

Figure 6. nNOS regulates the expression of P4HA1 and oxidation of L-Arg. A, B, F and G. Expression levels of P4HA1 
were determined by qRT-PCR and immunoblot assay after culturing the sinNOS LN18 and T98G cells under nor-
moxia and hypoxia for 24 h. Knockdown efficiency of sinNOS and and overexpression of nNOS was confirmed. C. 
Quantification of L-Arg and NO concentration in sinNOS LN18 and T98G cells. D, E. Expression of P4HA1 at mRNA 
and protein levels increased in the presence of SNP in a dose-dependent manner. H. Quantification of L-Arg and NO 
concentration in nNOS overexpression LN18 and T98G cells. Results are presented as mean ± SD; n=3; * compari-
son to siCon and # comparison of hypoxia to normoxia, *** or ###P<0.01, ** or ##0.01<P<0.05, * or #P<0.05, 
one-way ANOVA test.
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Figure 7. P4HA1 promotes hypoxia-induced glioblastoma migration through remodeling of EMT program. A, D. 
Wound-healing assays revealed the migration activity in LN18 and T98G cells with disrupted P4HA1 expression. B, 
E. Transwell migration assays revealed the invasion activity in LN18 and T98G cells with disrupted P4HA1 expres-
sion. C, F. Levels of the indicated proteins associated with EMT programing were determined by immunoblot assay 
after culturing the siP4HA1 or P4HA1 overexpression LN18 and T98G cells under normoxia and hypoxia for 24 h. 
Results are presented as mean ± SD; n=3; * comparison to siCon and # comparison of hypoxia to normoxia, *** or 
###P<0.01, ** or ##0.01<P<0.05, * or #P<0.05, one-way ANOVA test.

via regulating couple effectors in EMT pro- 
gramming.

Expression pattern and prognostic significance 
of P4HA1 in glioma tissue microarray (TMA), 
CGGA and TCGA databases

In light of the important functions of P4HA1, we 
next explored its expression levels in various 
stages of glioma tissue. The tissue microarray 
with 128 glioma patients samples were con-
structed for this purpose. Patients were divided 

into two groups with low expression (IRS≤7) 
and high expression (IRS≥8) of P4HA1 in glioma 
tissue microarray (TMA) was detected by IHC. 
According to the IRS scores, cytoplasmic 
expression of P4HA1 was more frequently 
observed in high-grade gliomas (WHO: III and 
IV) compared to that in low-grade (WHO: I and 
II) (Figure 8A-C). Analysis of the CGGA and 
TCGA dataset (including GBM and LGG) show- 
ed that high P4HA1 expression was associated 
with advanced grade glioma (Figure 8D and 
8E). Additionally, we evaluated the prognostic 
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Figure 8. Analysis of P4HA1 expression and survival in glioblastoma patients from tissue microarray (TMA), CGGA 
and TCGA database. A. Immunohistochemical staining of P4HA1 in different WHO grades glioma tissues. B. In-
creased cytoplasmic P4HA1 expression correlates with subtype glioma. C. Data from TMA revealed that P4HA1 
expression increased in grade II, III and IV glioma compared with that in grade I. D, E. P4HA1 expression pattern in 
different subtypes in CGGA and TCGA data set. F, G. Increased P4HA1 expression correlated with poor prognosis 
for high-grade gliomas but not low-grade ones. H, I. Data from the CGGA showed that increased P4HA1 expression 
correlated with poor prognosis for high-grade gliomas but not low-grade ones. J, K. TCGA analysis showed that 
high expression of P4HA1 conferred a worse prognosis in high-grade glioma patients than that in low-grade ones. 
***P<0.01, **0.01<P<0.05, *P<0.05, with one-way ANOVA.

capacity of P4HA1 expression in different 
grades of glioma patients. We demonstrated 
that high P4HA1 expression correlated signifi-
cantly with shorter OS in the high-grade glio-
mas (WHO: III and IV) (Figure 8G) but not in  
that with low-grade gliomas (WHO: I and II) 
(Figure 8F). In support of above conclusions, 
we used CGGA combined with TCGA databases 
to analyze the impact of P4HA1 on survival 
probability in high and low grade gliomas. The 
results indicated that P4HA1 expression corre-
lated with survival probability in high grade  
subgroup (Figure 8I and 8K), while low grade 
subgroup had no such correlation (Figure 8H 
and 8J). Our data demonstrated that P4HA1 
was upregulated in high-grade gliomas com-
pared to low grade ones. Overexpression of 
P4HA1 was independently correlated with the 
decreased survival for patients with high-grade 
gliomas. Hu et al. found that P4HA1 was up- 
regulated in gliomas and high expression of 
P4HA1 was correlated with the malignancy of 
gliomas and could serve as a prognostic indi- 
cator for patients with high-grade gliomas [38]. 
Our result was consistent with Hu’s research.

Discussion  

Glioblastoma multiforme is the most common 
primary brain tumor in adults, accounting for 

about 50-70% of the primary tumors of the cen-
tral nervous system. The invasive growth of the 
tumors leads to poor prognosis despite the 
combination of surgery, radiotherapy and che-
motherapy. Therefore, an in-depth understand-
ing of the malignant behavior of glioblastoma 
and the underlying molecular mechanism is a 
key research to seek efficient treatment of glio-
ma. Previous studies have found that hypoxia 
could accelerate the infiltration and growth of 
glioblastoma, however, the molecular mecha-
nism remains obscure. In this study, we per-
formed metabolomic and proteomic profiling in 
LN18 cell line to identify the key metabolites 
and proteins in hypoxia-induced cell invasion. 
In summary, we found 1,160 and 1,958 sig- 
nificant differential anions and cations, which 
are mainly enriched in the metabolic process- 
es such as the tricarboxylic acid cycle, lipid 
metabolism, glycolysis, amino acid and nucleic 
acid metabolic pathway. The proteomic analy-
sis identified 62 significantly differentially ex- 
pressed proteins, of which 28 were up-regulat-
ed and 34 were down-regulated. Additional in- 
tegration analysis (including comparative and 
correlation analysis, GO function analysis, met-
abolic pathway enrichment) revealed that am- 
ong the significantly differential molecules, 7 
proteins and 10 metabolites are strongly cor-
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related. We further characterized the function 
of one pair (L-Arg and P4HA1) of particular 
interest.

L-Arg is involved in several metabolic pathways. 
It is not only a basic building unit of protein, but 
also a precursor for the synthesis of urea, poly-
amines, proline, glutamic acid, creatine and 
agmatine [39]. L-Arg has been shown closely 
related to carcinogenesis, tumor suppression 
and biological behavior of tumor through vari-
ous biological metabolic pathways [40]. L-Arg is 
decomposed by NOS to produce NO and citrul-
line, thereby promoting the occurrence and 
development of malignant tumors. The cationic 
amino acid transport system can also selec-
tively accumulate arginine directly on the plas-
ma membrane to synthesize NO. Although it 
has been reported that L-Arg can inhibit the 
process of carcinogenesis, such as colorectal 
adenoma to adenocarcinoma [41], whether L- 
Arg affects the invasiveness of glioblastoma is 
unclear. 4-Hydroxy-prolyl hydroxylase (P4H) is  
a key enzyme in collagen synthesis, which is a 
tetramer composed of two alpha subunits and 
two beta subunits. P4H can catalyze the for- 
mation of hydroxyproline by hydroxylating the 
proline residue on the X-Pro-Gly sequence, 
which facilitates the formation of a stable two-
helix molecular structure of the collagen poly-
peptide chain [42, 43]. P4HA1 is an isozyme  
of P4H. Several studies have found that regu- 
lating the expression of P4HA1 can affect the 
stability of atherosclerotic plaque [44] and it 
also promotes tumor cell infiltration [45]. So  
far no study is available on the relationship 
between L-Arg and P4HA1 in the invasiveness 
of glioblastoma in hypoxia.

Our integrative analysis first revealed that L- 
Arg and P4HA1 were strongly anti-correlated, 
that is, the concentration of L-Arg decreased 
while the expression of P4HA1 increased after 
hypoxia treatment. The following functional 
analysis showed that along with P4HA1, the 
expression of HIF1α, nNOS also increased after 
hypoxia treatment in glioblastoma cell lines 
LN18 and T98G. HIF1α has been confirmed as 
a key transcription factor that mediates hypox-
ia signaling, which is activated by binding to 
hypoxic response elements (HREs) [46]. Its 
downstream targets are involved in tumor pro-
liferation and invasion, energy metabolism,  
and chemoradiation resistance [47]. One tar- 

get family of HIF1α are NOSs [48]. HIF1α regu-
lates type II NOS gene expression in response 
to hypoxia in pulmonary artery endothelial cells 
[49]. Over-expression of iNOS is implicated in 
tumor angiogenesis in human colorectal carci-
noma [50]. We found that the expression of 
nNOS and P4HA1 decreased after HIF1α inter-
ference. As expected, the L-Arg concentration 
was increased while NO concentration was 
decreased. Overexpression of HIF1α did not 
increase the expression of nNOS and P4HA1  
as expected, which was a bit surprising. We 
think this result may cause by artificial effect of 
overexpression, such as unphysiologically pro-
tein concentrations. A titration of overexpres-
sion or change of an inducible promoter may 
provide more information on that. Knockdown 
of nNOS impaired the expression of P4HA1, 
while overexpression of nNOS increase the 
expression of this protein. We also observed 
increased NO concentration after NO donor 
sodium nitroprusside (SNP) treatment enhan- 
ced the expression of P4HA1, suggesting NO  
as a potential messager to regulate P4HA1 ex- 
pression. How NO regulates P4HA1 is beyond 
the scope of the current work and we will study 
it in the future.

To understand how P4HA1 promotes glioblas-
toma invasion, we examined the expression of 
genes involved in epithelial mesenchymal tran-
sition pathway. EMT is considered to be the ini-
tial link of solid tumor metastasis and has 
received much attention in recent years [36]. 
Studies have shown that the regulation of 
HIF1α expression in cells can affect the occur-
rence of EMT. Krishnamachary et al. found that 
hypoxia or gene transfection overexpression of 
HIF1α increased the expression of Vimentin in 
colon cancer cell line HCT116 and its invasive 
ability in vitro, and interference with HIF-1α 
expression reversed this phenomenon [51]. 
Luo et al. transfected the recombinant plasmid 
pc DNA3.1(-)/HIF-1α into the prostate cancer 
cell line LNCaP to overexpress HIF-1α, which 
increased the expression of Vimentin and de- 
creased the expression of E-cadherin [52]. In 
our study, we found that depletion of P4HA1 
resulted in reduced LN18 and T98G cell migra-
tion, associated with down-regulation of Snail, 
MMP2, MMP9 and Vimentin, and up-regulation 
of E-cadherin. Overexpression of P4HA1 revers-
es these effects on the EMT genes. 
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Taken together, we propose a simple model of 
how P4HA1 induce glioblastoma invasion in 
response to hypoxia (Figure 9). 1) Hypoxia en- 
hances the expression of HIF1α; 2) Which fur-
ther up-regulates nNOS expression; 3) While 
nNOS is the rate-limiting enzyme of L-Arg ca- 
tabolism, it promotes L-Arg decomposition, re- 
sulting in excess amount of NO and citrulline;  
4) NO is a signal transduction molecule, that 
activate the expression of P4HA1; 5) Activation 
of P4HA1 promotes the expression of MMP2, 
MMP9, Snail and Vimentin, inhibits the expres-
sion of E-cadherin; 6) The reprogramming of 
EMT leads to the increased invasiveness of gli-
oma cells.

Traditionally, the study of how hypoxia af- 
fects glioblastoma progression and metastasis 
mainly focused on individual genes. Recently 
researchers started to understand the global 
molecular networking under the pathological 
process through multi-omics analysis. However, 
these works are limited to investigating the 
interaction of biological macromolecules such 
as proteins and DNA. Little is known about how 
these macromolecules and metabolites func-
tion together. Here we take advantage of both 

metabolic and proteomic profiling to identify 
key regulators in glioblastoma invasion under 
hypoxia conditions, which is a great resource of 
understanding glioblastoma pathology. Expres- 
sion pattern and prognostic significance of 
P4HA1 in gliomas tissues specimens remains 
unknown. Quite recently, Hu et al. has demon-
strated that expression of P4HA1 was correlat-
ed with advanced histological grade and sig- 
nificantly associated with poor prognosis for 
high-grade gliomas, which as an independent 
risk factor for prognosis [38]. Our data, com-
bined with Hu’s findings, suggest the important 
role of P4HA1 in glioma progression, and made 
P4HA1 a promising target against gliomas. 
Moreover, we depict a novel pathway that re- 
gulates the invasiveness of glioma cells. Last- 
ly, the discovery of how L-Arg affects the EMT 
mediated GBM cell invasion suggests a new 
strategy for therapy by targeting tumor meta- 
bolism.
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Table S1. List of differential metabolites identified in metabolic profiling
HMDB ID Description Ratio P value VIP
HMDB 35586 1-Phenyl-1,3-docosanedione 9.489926393 6.73E-06 3.222033031
HMDB 38501 Polyporusterone G 7.087191163 1.76E-06 2.612538051
HMDB 29852 Methylgingerol 6.145714594 6.60E-06 2.498442822
HMDB 60754 31-Hydroxy rifabutin 5.195598454 1.07E-08 2.768869431
HMDB 61005 repaglinide aromatic amine 4.403246602 2.73E-07 2.586625334
HMDB 36638 Albigenic acid 4.325911444 2.73E-07 2.586625334
HMDB 31081 2-Pentadecanone 4.312120874 1.48E-07 2.255988512
HMDB 13198 4-O-Methylgallic acid 4.309392045 8.30E-09 2.622545254
HMDB 34408 alpha-Tocopherolquinone 4.280776346 6.38E-08 2.549242406
HMDB 61663 12-hydroxyheptadecanoic acid 4.104648263 1.97E-08 2.212591211
HMDB 01163 Guanosine diphosphate mannose 4.080933809 2.27E-06 2.215780556
HMDB 31039 Heptadecanal 3.970677167 8.53E-07 2.169015081
HMDB 14600 Prazosin 3.65858163 1.62E-06 2.06307738
HMDB 30593 Edulisin II 3.375849365 4.97E-07 2.023973182
HMDB 61658 3-hydroxyhexadecanoic acid 3.167700456 9.94E-08 2.004516932
HMDB 31829 Bisosthenon B 3.01725126 8.89E-08 2.28327881
HMDB 13643 4b-Hydroxycholesterol 2.989034863 1.59E-06 2.181685187
HMDB 29356 Feruloylglycyl-L-phenylalanine 2.885369764 1.08E-06 2.211754699
HMDB 31885 6-Hydroxypentadecanedioic acid 2.806198708 2.82E-06 2.196684971
HMDB 12642 20-Oxo-leukotriene E4 2.736872237 4.22E-09 2.187529291
HMDB 01413 Citicoline 2.708424428 2.90E-06 2.162956786
HMDB 30205 Jubanine A 2.674579446 2.19E-07 2.145917101
HMDB 38175 2-Acetyloxazole 2.595550157 2.98E-09 2.127327263
HMDB 01167 Pyruvaldehyde 2.53644422 1.24E-08 2.073931006
HMDB 31103 2-Hydroxylinolenic acid 2.471445235 1.46E-09 2.074711014
HMDB 15303 Kanamycin 2.470314186 4.44E-08 2.035234157
HMDB 33520 1-Hydroxyrutacridone epoxide 2.412478578 5.50E-10 2.051881614
HMDB 30570 Sylvopinol 2.375431063 6.17E-08 2.02529721
HMDB 32921 Ethyl 2-furanpropionate 2.343363313 7.04E-10 2.015289537
HMDB 14351 Reserpine 0.361087101 3.12E-06 2.123269492
HMDB 29068 Threoninyl-Phenylalanine 0.336936617 1.94E-10 2.274319914
HMDB 15596 Vildagliptin 0.335706828 4.34E-08 2.254471672
HMDB 60996 Acetyl-3-hydroxyprocainamide 0.330533489 6.52E-06 2.202044934
HMDB 39847 3-Oxododecanoic acid glycerides 0.321748767 3.86E-09 2.309189882
HMDB 29109 Tyrosyl-Leucine 0.316033231 1.62E-08 2.334954468
HMDB 34489 (+)-Norushinsunine N-oxide 0.307382178 6.43E-08 2.341885769
HMDB 15631 Alvimopan 0.305942027 4.27E-06 2.004306495
HMDB 33693 Falcarinone 0.298081437 1.34E-09 2.375808352
HMDB 29087 Tryptophyl-Leucine 0.296816322 8.44E-10 2.389240495
HMDB 28892 Histidinyl-Phenylalanine 0.295969813 1.05E-07 2.382403564
HMDB 33832 Cinnamyl cinnamate 0.294966946 3.22E-08 2.376479895
HMDB 28915 Isoleucyl-Proline 0.294109105 1.37E-09 2.042582624
HMDB 29129 Valyl-Histidine 0.286984366 2.89E-08 2.431229422
HMDB 29051 Serinyl-Tyrosine 0.276487998 7.00E-06 2.102208956
HMDB 28995 Phenylalanyl-Glycine 0.27532546 3.82E-11 2.11509001
HMDB 41990 Piritramide 0.273899643 2.07E-06 2.394324256
HMDB 34780 Capsiate 0.269467496 1.31E-08 2.478074054
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HMDB 35292 Ganodermic acid P2 0.257257473 2.97E-06 2.518570605
HMDB 60796 6α-Hydroxy-hydromorphone 0.256425304 1.47E-08 2.526535871
HMDB 28713 Arginyl-Leucine 0.25100853 1.27E-08 2.52664011
HMDB 29097 Tryptophyl-Gamma-glutamate 0.24620323 1.43E-06 2.178438322
HMDB 13941 Epoxy-hexobarbital 0.25732824 1.80E-09 2.617520662
HMDB 28694 Alanyl-Phenylalanine 0.231146469 3.65E-09 2.633427485
HMDB 13161 2-Hexenoylcarnitine 0.226915602 5.99E-09 2.637020403
HMDB 60725 2,6-Pipecoloxylidide 0.217959219 2.65E-09 2.671322174
HMDB 13940 3’-Hydroxyhexobarbital 0.217441119 7.05E-12 2.289858042
HMDB 15444 Hexobarbital 0.215974825 3.79E-12 2.286716868
HMDB 28989 Phenylalanyl-Arginine 0.20545207 2.55E-07 2.689590703
HMDB 28940 Leucyl-Tryptophan 0.205435742 5.08E-11 2.734231635
HMDB 29005 Phenylalanyl-Threonine 0.201542081 1.87E-07	 2.334205644
HMDB 29114 Tyrosyl-Serine 0.176368832 3.31E-06	 2.421327248
HMDB 29093 Tryptophyl-Threonine 0.176297348  3.45E-11 2.44373297
HMDB 29027 Prolyl-Threonine	 0.157263281 5.44E-07	 2.875623568
HMDB 28955 Lysyl-Leucine 0.14655851 4.75E-07 2.996566246
HMDB 28888 Histidinyl-Isoleucine 0.127543124 7.28E-11 3.111443852
HMDB 37891 2-Butyl-4,5-diethyloxazole 0.113511109 5.34E-07 3.155048995
HMDB 29560 Hesperaline 0.104038662 2.35E-07 2.758747074
HMDB 01539 Asymmetric dimethylarginine 0.099577613 6.72E-08 3.287605606
HMDB 60551 Norfluoxetine 0.068910294 5.71E-06 3.039365456
HMDB 28975 Methionyl-Histidine 0.053229507 2.31E-06 3.68973167
Ratio: Differential multiple of hypoxia vs normoxia; P value <0.05 was considered statistically significant. P values were calculat-
ed using the t test; VIP: Variable Important for the Projection indicates the ratio difference of m/z contribution to PLSDA model.

Table S2. List of differentially expressed proteins identified in proteomic profiling
Accession Description Ratio P value
PTCD3 Pentatricopeptide repeat domain-containing protein 3 0.251661104 0.008903125

HIST2H3A Histone H3.2 0.305254414 2.26756E-05

N/A Highly similar to Bcl-2-like 13  0.378334164 0.002206912

SMARCC1 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily c, member 1 0.408644494 0.002740717

NDUFB1 NADH dehydrogenase ubiquinone 1 0.417316853 0.000942007

MDH1 Malate dehydrogenase, cytoplasmic 0.432984812 0.004076541

ATP6V1H ATPase, H+ transporting, lysosomal 0.434068991 0.010427064

N/A Acidic ribosomal phosphoprotein P1 0.523414060 0.000590103

H3F3B Histone H3 (Fragment) 0.543023169 0.007956053

NEU1 Neuraminidase 1 0.550565125 0.005798506

N/A Highly similar to Homo sapiens solute carrier family 0.561108507 7.73155E-08

ORMDL2 ORM1-like protein 2 0.565206457 0.000156752

SLC4A7 Anion exchange protein  0.568894891 0.000179210

LMNA Lamin A/C 0.574863157 0.000133627

GNL3 Guanine nucleotide-binding protein-like 3 0.584127351 3.57501E-05

HIGD2A HIG1 domain family, member 2A 0.595528518 0.013574185

NUP205 Nuclear pore complex protein Nup205 0.602365899 2.6642E-06

ARHGEF2 Rho guanine nucleotide exchange factor 2  0.612789424 0.007961447

HCG_24991 HCG24991, isoform CRA_a 0.621940214 3.65309E-05

FXR1 Fragile X mental retardation autosomal  0.623642118 0.004154078

RBM15 Putative RNA-binding protein 15 0.625807388 0.012924074

MRPL15 Ribosomal protein L15, mitochondrial 0.626177481 0.000452299

DDX5 Probable ATP-dependent RNA helicase 0.632643837 3.86984E-11
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TIM17A Mitochondrial import inner membrane translocase subunit TIM17 0.633544781 0.001138951

N/A Highly similar to DnaJ homolog subfamily A member 3 0.634421071 0.001147456

BYSL Bystin 0.636224152  2.8418E-05

CPSF7 Cleavage and polyadenylation specificity factor subunit 7 0.636795364 0.001093776

TBRG4 Transforming growth factor beta regulator 4  0.636999909 0.001363002

N/A Aminopeptidase 0.644275042 1.1932E-08

KPNA2 Importin subunit alpha 0.64927833 4.9237E-05  

DHX30 Putative ATP-dependent RNA helicase DHX30 0.650434357 1.54634E-05

B3KPA1 cDNA FLJ31500 fis, highly similar to Torsin A 0.650520537 0.007571957  

TOP2A DNA topoisomerase 2-alpha 0.657289794 2.57795E-06

BRIX1 Ribosome biogenesis protein BRX1 homolog 0.665175397 9.99929E-06

SLC16A3 Solute carrier family 16, member 3, isoform CRA  1.509266806 1.61898E-05

CHORDC1 Cysteine and histidine-rich domain-containing 1 1.5361851 0.000129317

PFKL ATP-dependent phosphofructokinase, liver type 1.537441047 0.003065908

HSR1  Heat shock RNA 1 1.544219067 0.003161358

S100A2   Protein S100-A2 1.544960949 0.002352482  

TUBA1A Tubulin alpha-1A chain  1.548908731 4.37993E-06

PGAM1  Phosphoglycerate mutase 1.555351134  1.59185E-09

DPYSL2  Dihydropyrimidinase-related protein 2 1.576641376 0.000164081

HEL-S-29 Creatine kinase brain isoform 1 1.593930238 4.9412E-06

HK2  Hexokinase-2 1.617073688 0.002827695

N/A Highly similar to Solute carrier family 2, facilitated glucose transporter member 1 1.620756157 6.04208E-09

MIF Macrophage migration inhibitory factor 1.646029804 2.78827E-05  

S100A4 Protein S100-A4 1.651579822 1.55327E-07

PFKP ATP-dependent phosphofructokinase platelet 1.695085717 3.27823E-06

LRRFIP1 Leucine rich repeat interacting protein 1, isoform 1.720836483 3.81882E-05  

CCDC58 Coiled-coil domain-containing protein 58 1.754331662 0.030238285

PGM1 Phosphoglucomutase-1 1.780676797 1.10263E-06

CSTB CSTB protein 1.806851302 0.00023235

P4HA1 Prolyl 4-hydroxylase subunit α-1 1.818029271 1.39795E-11

HEL-S-68p Phosphoglycerate kinase 1.937918696 6.40646E-09

AK4 Adenylate kinase 4, mitochondrial 1.99780736  6.09144E-10

CNN3 Calponin-3 1.99781698  9.56189E-05

ALDOC Fructose-bisphosphate aldolase 2.108177869 3.25453E-11

PLOD2 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 2.117807831 2.01077E-08

FAM162A Protein FAM162A 2.317928356  3.1065E-08

P4HA2 Prolyl 4-hydroxylase subunit alpha-2 2.449853859 1.30213E-08

N/A Highly similar to NDRG1 4.026545461 1.9717E-07

N/A Highly similar to Homo sapiens CCAAT-box-binding transcription factor 8.135474324 0.002791993
Ratio: Protein expression of hypoxia vs normoxia; P value <0.05 was considered statistically significant. P values were calculated using the t test. Standard for screening 
differential proteins: adj. P value <0.05 and ratio >1.5 or ratio <0.67.

Table S3. List of enriched KEGG pathways identified in proteomic 
profiling

Pathway_Name P value #Protein in 
Background

#Protein 
in Diff Exp

Glycolysis/Gluconeogenesis 0.000127 11 4
Galactose metabolism 0.000169 5 3
Pentose phosphate pathway 0.000332 6 3
Fructose and mannose metabolism 0.002024 3 2
Biosynthesis of amino acids 0.005186 14 3
Carbon metabolism 0.021313 23 3
Phenylalanine metabolism 0.026405 1 1
Arginine and proline metabolism 0.032372 11 2
P value <0.05 was considered statistically significant. P values were calculated us-
ing the t test. Protein in Diff Exp: Protein in differential expression.


