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Rapidly proliferating tumors are exposed to a hypoxic
microenvironment because of their density, high meta-
bolic consumption, and interruptions in blood flow be-
cause of immature angiogenesis. Cellular responses to
hypoxia promote highly malignant and metastatic behav-
ior, as well as a chemotherapy-resistant state. To better
understand the complex relationships between hypoxic
adaptations and cancer progression, we studied the dy-
namic proteome responses of glioblastoma cells exposed
to hypoxia via an innovative approach: quantification of
newly synthesized proteins using heavy stable-isotope
arginine labeling combined with accurate assessment of
cell replication by quantification of the light/heavy argi-
nine ratio of peptides in histone H4. We found that hypoxia
affects cancer cells in multiple intertwined ways: inflam-
mation, typically with over-expressed glucose transporter
(GLUT1), DUSP4/MKP2, and RelA proteins; a metabolic
adaptation with overexpression of all glycolytic pathway
enzymes for pyruvate/lactate synthesis; and the EMT (ep-
ithelial-mesenchymal transition) and cancer stem cell
(CSC) renewal with characteristic morphological changes
and mesenchymal/CSC protein expression profiles. For
the first time, we identified the vitamin B12 transporter
protein TCN2, which is essential for one-carbon metabo-
lism, as being significantly downregulated. Further, we
found, by knockdown and overexpression experiments,
that TCN2 plays an important role in controlling cancer

cell transformation toward the highly aggressive mesen-
chymal/CSC stage; low expression of TCN2 has an effect
similar to hypoxia, whereas high expression of TCN2 can
reverse it. We conclude that hypoxia induces sequential
metabolic responses of one-carbon metabolism in tumor
cells. Our mass spectrometry data are available via Pro-
teomeXchange with identifiers PXD005487 (TMT-labeling)
and PXD007280 (label-free). Molecular & Cellular Pro-
teomics 16: 10.1074/mcp.RA117.000154, 1906–1921, 2017.

Hypoxia is a pervasive microenvironmental cellular stressor
that plays a critical role in tissue inflammation and malignancy
(1). The cellular response to hypoxia is mediated predomi-
nantly through hypoxia-inducible factor 1 (HIF-1�)1, a basic
helix-loop-helix transcription factor that forms a heterodimer
with the aryl hydrocarbon receptor nuclear translocator
(ARNT, or HIF-1�) (2). Hypoxia promotes transformed cells to
acquire invasive and mesenchymal characteristics, referred to
as “type III” epithelial-mesenchymal transition (EMT) (3–10),
which plays essential roles in cancer pathogenesis, including
that of glioblastoma (11, 12).

Cells exposed to hypoxic stress respond with complex
metabolic and transcriptional adaptation mechanisms (13).
Hypoxia induces deficient mitochondria redox-oxidation cy-
cles normally needed for energy production (14, 15). To com-
pensate for this deficiency, anaerobic cells metabolize citric
acid cycle intermediates and glucose, an adaptation histori-
cally known as the Warburg effect (16, 17). Mechanistically,
HIF-1� activates transcription of the glucose transporter
(GLUT)-1/3 (15, 18–21) and other major glycolytic pathway
enzymes, while downregulating energy-consuming genes in-
volved in DNA transcription and RNA translation, resulting in
adaptive cell-cycle arrest (2). However, the proteome and
metabolome of cells adapted to hypoxia have not been fully
evaluated. In this study, we analyzed the hypoxic proteome by
tandem mass tag (TMT) and label-free LC-MS/MS in U87
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glioblastoma cells exposed for 5 days to hypoxia (1% O2)
versus normoxic U87 cells. In addition to confirming the
above-described pathways known to be regulated by hy-
poxia, we made the novel observation that hypoxia signifi-
cantly downregulates the vitamin B12 transporter protein
TCN2, which controls Met synthesis through the one-carbon
metabolic pathway, resulting in a folate trap and arrest of cell
replication. We have innovatively adapted the SILAC tech-
nique to TMT and label-free proteomics and the quantification
of proteins in replicating cells in which light arginine (LR) was
incorporated into the proteins, so that the effects from
preexisting proteome of old cells, in which the arginines
in proteins were originally labeled with heavy isotopes
(13C6

15N4-arginine, denoted HR), can be minimized. An ad-
ditional benefit of quantification starting with HR-labeled
cells is that the cell proliferation rates can be readily ob-
tained by calculation of the LR/HR ratios when proteins/
peptides are analyzed by LC-MS.

In response to hypoxia, cells transition from an epithelial
phenotype to a type III EMT mesenchymal phenotype con-
sistent with an enhanced inflammatory and aggressive cancer
status with cancer stem cell (CSC) properties. Hypoxia-in-
duced inflammation and EMT seems to be cancer cell type-
independent; they also occurred in glioblastoma U251 cells
and nonsmall cell lung cancer (NSCLC) A549 cells among the
few chosen for this study. We have demonstrated by knock-
down and overexpression experiments that TCN2 plays an
important role in regulating EMT and CSC transformations; a
low level of TCN2 creates a phenotype similar to that of
hypoxic cells with EMT and CSC properties, whereas high
levels of TCN can reverse it, suggesting that TCN2 might be a
potential activation target for the treatment of cancers. The
role of TCN2 downregulation in hypoxia cells suggests that a
blockage of the one-carbon metabolic pathway be induced by
hypoxia, resulting in diminished consumption of Met essential
for RNA and protein syntheses, but significant accumulation
of cellular Ser and Gly. Because the cofactor of DNA/histone
methyltransferases, S-adenosylmethionine (SAM), can be
synthesized from Met through the Met cycle which is conju-
gated with the folate cycle to comprise the one-carbon
metabolic pathway, studies on the biological mechanisms
of cancer hypoxia should include metabolic regulation of the
epigenome.

EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale—The purpose of this
project was to identify the proteome under the stress of oxygen
depletion in glioblastoma cells. We chose two typical glioblastoma
cell lines, U87 and U251, for this study. Protein quantification was
performed by both TMT-labeling and label-free (LFQ) approaches.
The cell lysate from U87 cells was used for proteomics analysis and
the cell lysates from both U87 and U251 cells were used for West-
ernblot analysis to verify the expression changes of selective proteins
that were determined by proteomics as playing significant roles in
identified cellular pathways. Served as two biological replicates, two
sets of plates of U87 cells which were derived from the same originally

seeding SILAC-modified cells were concurrently cultured; each set
contains one plate (75-cm2) of control cells growing under normoxia
(20% O2 in the incubator chamber) and five plates of “treated” cells
growing under hypoxia (1% O2 in the incubator chamber) for varying
duration from 1 up to 5 days. Typically, one plate of cells when
harvested contained about 5 - 20 � 106 cells from which about 0.5 to
2 mg whole cell proteins were isolated. For TMT-labeling experi-
ments, two analytical repeats (two separated preparation of TMT
labeling of peptides followed by strong-cation-exchanging fraction-
ing) were performed and at least three technical repeats (LC-MS/MS
runs) were carried out on the QExactive instrument. For LFQ, the
protein lysates from TMT-labeling were combined and then, after
digestion, analyzed by three sequential LC-MS/MS runs (technical
repeats). Protein identification and quantification was carried out by
Protein Discoveror (PD) 1.4 using the intensities of the reporter ions of
TMT-labeling peptides or by PEAKS using TIC peak areas of non-
labeled peptides. Statistical analysis including FDR and p- or q-value
calculation to determine the significance of protein identification and
quantification was provided by PD and PEAKS; principal component
analysis (PCA) and unsupervised hierarchical clustering analysis with
heat map to group protein expression profiles, correlation analysis to
evaluate the reproducibility between two biological repeats (sets) of
proteomic data, were realized by the R programs. In addition, z-
scores in IPA were used to predict activation or inhibition of targeting
molecules or disease inclination and FDRs in STRING to determine
significant KEGG pathways. Details in methods and procedures of
statistical analysis are described in the following experimental sub-
section-Proteomics procedures.

Cell Culture and Treatment—U87 cells labeled with stable isotope-
labeled (HR) arginine were prepared as described previously to en-
sure � 98% incorporation of HR as determined by mass spectromet-
ric analysis of histone peptides (22). The HR-enriched cells were
stored in a liquid nitrogen tank until use. In this experiment, HR-
enriched U87 cells were first cultured in Thermo Scientific SILAC
MEM media (Ca# 88422, Grand Island, NY) minus L-lysine and L-ar-
ginine, 10% sera (Ca# 88440), and 1% antibiotic-antimycotic solution
(Corning cellgroTM, Ca# 30-004-CI, Manassas, VA) for SILAC. The
media were supplemented with 0.084 g/L HR (Thermo, Ca# 88434)
and 0.146 g/L L-lysine (Sigma, Ca# L5501, St. Louis, MO). The cells
were split into 12 NunclonTM cell culture dishes (�2 � 106 cells in
each 35 � 10 mm dish, Sigma Ca# D7804) when they reached
confluence in the HR media. Then, they were grown in 12 ml regular
(LR) EMEM (ATCC® 30–2003TM) with 10% fetal bovine serum (Sigma,
Ca# F2442) and 1% Corning cellgro at 37 °C under either normoxic or
hypoxic conditions. Twenty-four hours after seeding and every 24 h
thereafter, two dishes of cells were moved to an incubator equili-
brated with 1% O2 and 5% CO2 in N2 (Galaxy 170R incubator, New
Brunswick, Eppendorf, VDR, Radnor, PA) until the last 2 dishes re-
mained in normal atmosphere (20% O2 and 5% CO2) for an additional
24 h, which were treated as the normoxic cells and labeled in a
reverse order as d0. The first two dishes taken from the normoxic
incubator chamber to the hypoxic chamber were labeled as d5 be-
cause they had been grown in low oxygen for 5 days (d); the other
dishes were labeled sequentially in decreasing order based on the
number of days they were exposed to hypoxia. During this six-day
period, the medium was changed once (on d3), and cells in all the
dishes grew to fully or close to confluent by d6 except for the d5
hypoxic cells.

Examination of Cell Morphology—The cell morphology was exam-
ined under a phase contrast microscope, EVOS XL Core Cell Imaging
System (Life Technologies). With Cell morphological changes were
quantitatively measured by shape factors using the free open-source
bio-image processing software ImageJ and Fiji (23); we typically used
the aspect ratio (AR), a function of the largest diameter (dmax) and the
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smallest diameter (dmin) orthogonal to it (AR � dmin/dmax), and the
circularity (fcirc), a function of the perimeter (p) and the area (A)
(Fcirc � 4�A/p2). Normally, 50–100 cells from up to 10 randomly
selected fields were measured. Elongated cells characteristic of EMT
generally have small AR and large fcirc.

Proteomics Procedures—
Sample Preparation—The cell pellet was lysed in radioimmunopre-

cipitation assay (RIPA) lysis buffer (Santa Cruz Biotechnology, Dallas,
TX) supplemented with 1% Nonidet P40, PMSF (0.2 mM), and prote-
ase inhibitor mixture (Roche, one tablet per 10 ml). Samples were
sonicated with a probe sonicator (Qsonica, model CL-188; 3 � 30
bursts at 40 Hz amplitude) and incubated on ice for 2 h. The cell lysate
was centrifuged and the supernatant transferred into a clean tube.
The protein concentration in the supernatant was determined by
bicinchoninic acid assay (BCA). An aliquot of supernatant containing
300 �g of protein was treated by the addition of 200 mM TCEP
solution (sigma) to a final TCEP concentration of 20 mM and then
incubated in votex mixer at 50 °C for 30 min, followed by carboxym-
ethylation with 25 mM iodoacetamide (final concentration) in the dark
for 1 h. Four volumes of precooled acetone (�20 °C) was added to
precipitate proteins at �20 °C overnight. The proteins were pelleted
by centrifugation at 13,000 � g for 10 min and washed once with 1 ml
precooled (�20 °C) acetone. After being air-dried overnight, the pro-
teins were resuspended in 25 mM triethylammonium bicarbonate
buffer (pH 7.8) and digested with trypsin (1 �g, Sigma) for � 4 h till the
solution became clear. The protein concentrations were measured
again by BCA. About 60 �g of each protein sample was aliquoted and
digested with trypsin at an enzyme ratio of 25:1 (by mass) overnight
at 37 °C. To each digest, 0.8 mg of TMT-6 (Thermo-Fisher Scientific)
reagent was added. After incubation for 2 h, 20 �l of 5% hydroxyla-
mine was added to stop the labeling reaction. After all the samples
labeled with individual TMT-6 reagents were combined, the solution
was acidified with 1% formic acid (FA) and fractionated into six
fractions with Thermo’s strong cation-exchange (SCX) spin-columns
with a KCl gradient from 0 to 0.5 M in 20% acetonitrile (ACN). The last
elution solution was 5% ammonia hydroxide. Next, the fractions were
dried under vacuum to remove ACN and then desalted by Thermo
spin-columns with HypercarbTM. The ammonia-eluted fraction was
acidified by 1% formic acid (FA) before desalting, and 0.8 ml of 60%
ACN was used to elute peptides from the desalting column for each
sample. The eluted peptides were vacuum-dried, reconstituted in 30
�l of 0.1% FA, and then subjected to LC-MS/MS analysis.

Mass Spectrometry Analysis—LC-MS/MS analysis was carried out
on the Thermo QExactive mass spectrometer. Peptides were sepa-
rated by online reverse-phase liquid chromatography (RPLC) using
home-packed C18 capillary columns (15 cm long, 75 �m i.d., 3-�m
particle size) with a 250-min gradient (solvent A, 0.1% FA in water;
solvent B, 0.1% FA in ACN) from 5–30% solvent B. Approximately 2
�g of peptide sample was injected. The Orbitrap mass analyzer was
set to acquire data at 35,000 resolution with Full Width at Half Max-
imum (FWHM) for the parent full-scan mass spectrum followed by
data-dependent high collision-energy dissociation (HCD) MS/MS
spectra for the top 15 most abundant ions acquired at 7500 resolu-
tion. For LFQ proteomics, the peptide digests without TMT labeling
were analyzed by LC-MS/MS with the same instrumental acquisition
settings except much shorter HPLC gradient, i.e. 100 min, was used.

Data Analysis—
1. TMT-labeling Proteomics—Proteins were identified and quanti-

fied through the Proteome Discoverer 1.4 platform (Thermo) using
Sequest HT (employing the Swiss-Prot Homo Sapiens database,
release date 7/2015, containing 45,391 entries). The Sequest search
parameters were: carbamidomethylation of cysteine and TMT-6 mod-
ification of peptide N terminus and lysine were set as fixed modifica-
tions and oxidation of methionine and deamination of asparagine and

glutamine were set as variable modifications; trypsin was the prote-
ase selected and up to two missed cleavages were allowed. Mass
tolerance for the precursor ions was 10 ppm, and for the MS/MS, 0.1
Da. Only peptides with a minimum length of four amino acids were
considered, and peptides were filtered for a maximum false discovery
rate (FDR) of 1%. PD1.4 searched the concatenation of the Homo
sapiens database and a decoy database with the same size. FDR
were estimated by the ratio of decoy # hits over target # hits among
the total # hits, A.K. A., peptide spectrum matches (PSMs). At least
one unique peptide with posterior error probability of less than 0.05
was accepted for quantification using the TMT reporter ions. The TMT
proteomic raw and processed data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE (24) partner repository with
the data set identifier PXD005487.

2. LFQ Proteomics—Proteins were identified by PEAK® DB to
perform De Novo sequencing assisted database search against the
Uniprot Homo Sapiens database with 88,760 entries of protein se-
quences (release date: 09/2014). Carbamidomethylation of cysteine
was set as fixed modifications and oxidation of methionine and
deamination of asparagine and glutamine were set as variable mod-
ifications. FDR were estimated by the ratio of decoy # hits over target
# hits among PSMs. Maximum allowed FDR is 1%. Quantification of
proteins was carried out by PEAKS® Q using peak areas in mass
chromatograph (TIC) with retention time alignment and isotope sum-
mation. Significance of quantification (- 10xLog p value) was calcu-
lated based on three technical replicates and its relationship with the
ratio or converted fold change of protein expression derived from the
summation of the peak intensities of unique peptides (� � 1) was
visualized by volcano graphics (Fig. 3). The LFQ QExactive-raw and
PEEKS-peptides.pep (XML) data have been deposited to the Pro-
teomeXchange with the data set identifier PXD007280.

Statistical Analysis—Multivariate statistics including hierarchical
agglomerative clustering analysis, principal component analysis
(PCA), and correlation coefficient analysis and their associated pres-
entation graphics were performed in R, version Window Rx64, 3.4.1,
as described previously (25) and in the following Results section.
Ingenuity Pathway Analysis (IPA) was used to identify protein func-
tions/pathways or upstream regulators significantly influenced by
hypoxia. STRING was used for protein-protein interaction pathways
and networks (PPIPNs) analysis using the list of proteins showing
significant changes in expression under hypoxia. Significant STRING-
predicted PPIPNs (FDR � 0.05) were visualized with Cytoscape
3.5.1 (26). Histograms of the correlation coefficients were cal-
culated and visualized using the R program (Windows Rx64, 3.4.1)
containing the custom-downloadable package “PerformanceAnalyt-
ics” (https://cran.r-project.org/web/packages/PerformanceAnalytics/
PerformanceAnalytics.pdf) and its required subpackages “xts” (https://
cran.r-project.org/web/packages/xts/vignettes/xts.pdf) and “zoo”
(https://cran.r-project.org/web/packages/zoo/zoo.pdf). Calculation of
q-values and local FDR (lfdr) from p value given by PEAKS 8 label-free
quantification was based on the Benjamini and Hochberg method (27)
using Window Rx64, 3.4.1containing the package qvalue (http://
bioconductor.org/bioclite.R and http://qihub.com/jdstorey/qvalue).

Measurement of vitamin B12, glycine (Gly), serine (Ser), and methi-
onine (Met)—Vitamin B12 was measured by ELISA using the Human
VB12 ELISA Kit from Creative Diagnostics (Shirley, New York; ca#:
DEIA4440V2) per the manufacturer’s protocol. Ser, Gly, and Met were
measured by GC-MS on an Agilent 5975C GC-MSD mass spectrom-
eter using a protocol involving methanol extraction, derivatization with
N-(t-butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA) con-
taining 1% tert-butyldimethylchlorosilane (TBDMCS, Sigma-Aldrich;
ca#: 375934), and Selected-Ion-Monitoring (SIM) mass spectrometry
analysis of Ser at m/z 390 Da, Gly at m/z 246, and Met at m/z 320
with their respective internal standards Ser�7 (13C3, 97–99%; D3,
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97–99%; 15N, 97–99%; ca#: CDNLM-6813–0.25), Gly�5 (D5, 98%;
ca#: DLM-280-PK), Met�3 (D3, 98%; ca#: DLM-431-PK) purchased
from Cambridge Isotope Laboratories (Tewksburg, MA).

Western Blot (WB) Analyses and Antibodies—Cell lysates contain-
ing �30 �g of total proteins in each sample were resolved on SDS-
PAGE and transferred to nitrocellulose membranes, then probed with
specific first antibodies followed by appropriate fluorophore-conju-
gated secondary antibodies (#929–70020) from LI-COR Biosciences
(Lincoln, NE). The fluorescence signals were detected with a LI-COR
Odyssey imaging system. Band intensities were quantified using Od-
yssey imaging software version 3.0. Anti-TCN2 (ab113873), �-Actin
(ab8229), KDM3A (ab31739), SETD8 (ab107234) and UGT8 (ab84288)
antibodies were purchased from Abcam (Cambridge, MA). Anti-Clau-
din (#4933) and anti-SOX2 (#3579) were from Cell Signaling Technol-
ogy (Danvers, MA). Anti-MKP2 (MA5–17225) and anti-RelA/NF�B p65
(PA5–16545) were from ThermoFisher Scientific. Individual targeted
proteins and the control (�-Actin) were probed on the same
membrane.

qRT-PCR Analysis of Gene Expression—Total RNA was extracted
using acid guanidinium phenol extraction (Tri Reagent; Sigma).
Briefly, 1 �g of RNA was reverse-transcribed using SuperScript III in
a 20-�l reaction mixture. The rest of the procedures were as de-
scribed previously (28). Relative changes in gene expression were
quantified using the 		CT method using gene-specific primers
(shown in the table below). Data shown are the fold-change in mRNA
abundance normalized to cyclophilin. All Q-RT-PCR data presented
are the mean 
 S.D. from n � 3 experiments.

TCN2 Knock-down and Overexpression—TCN2 expression was
knocked down (KD) in U87 cells by transfection of human transco-
balamin II siRNA (sc-45320) with transfection reagents and medium
purchased from Santa Cruz Biotechnology per the vendor’s protocol.
TCN2 was over-expressed in U87 cells under both normoxic and
hypoxic conditions. The TCN2-pCMV3-SP-N-HA plasmid (pTCN2)
and its negative control vector were from Sino Biological and the DNA
amplified in E. coli. The DNA sequence of TCN2 was confirmed by
next-generation sequencing to match NCBI RefSeq NM_000355.2 for
TCN2. Equal amounts of pTCN2 and its negative control vector
were electroporated into U87 cells. After 48 h of transfection, the
cells were collected for extracting total RNA for qRT-PCR analysis
of gene expression, and whole-cell extracts prepared for WBs of
targeted proteins. WB/qRT-PCR analysis confirmed successful HA-
TCN2 expression.

RESULTS

TMT Quantification of Proteins in Hypoxic U87 Cells—We
employed a new approach, different from traditional SILAC
technology, which started with cultured cells fully labeled with
heavy isotope-containing arginine (HR) in their cellular pro-
teins. Protein quantification was carried out using the pep-
tides with incorporated unlabeled arginine after 6 days of
incubation in regular EMEM medium containing light arginine,
followed by use of the established TMT stable isotope labeling

method. It appeared that more than 80% of heavy arginine
was replaced by light arginine in cells growing at normal
oxygen levels (normoxia) after 6 days of incubation under the
described experimental conditions. The advantage of this
method is that it not only quantifies the expression of newly
synthesized proteins after cellular perturbations, but it also
precisely monitors cell proliferation rates. These rates are
determined by measuring LR/HR ratios in histone peptides in
MS profiles, which enabled us to replace the less accurate
cell-counting approach. Because a set of TMT-6 regents is
just sufficient to label six samples (d0/normoxia and d1–d5
hypoxic cells), it was impossible to simultaneously label all of
the samples more than once. Therefore, we performed the
overall experiments twice. The TMT-labeled tryptic peptides
were separated by SCX into seven fractions. Each fraction
was run on LC-MS/MS at least three times.

Experiment (Expt) 1 quantified 5180 unique proteins and
Expt 2 quantified 4076 proteins. 2488 proteins were detected
in both experiments, 80 of which were significantly changed in
abundance (by more than 
 1.5 fold). This data set matrix was
subjected to calculation of the correlation between the two
biological experiments. The correlation coefficients (covari-
ance) were calculated by the Pearson formula and visualized
via a histogram. As indicated in Fig. 1A, nearly perfect intra-
day (d1–d4) correlations were observed for both Expts 1 and
2, because the majority of the correlation coefficients were
larger than 0.9, shown as larger fonts in the diagonal histo-
gram (Note: The maximum is 1.0, defined as identical be-
tween two separated subjects). This suggested that the hy-
poxic proteome was basically the same for the first 4 days,
indicating that the effect of hypoxia was immediate. By con-
trast, the protein expression profile at d5 was clearly not
correlated with that of the other 4 days, as the Pearson
correlation coefficients were either close to zero or negative
shown in almost invisible small fonts. The correlation between
the two biological experiments was also significant, as most
of the coefficients were larger than 0.7, except for d4 which
was slightly lower (0.5 �0.6). Alternatively, as shown by a heat
map, hierarchical agglomerative clustering analysis separates
d5 from d1–4 as two major groups, whereas only small dif-
ference could be observed between the two subgroups of
Expts 1 and 2, as judged by the color patterns (Fig. 1B). Thus,
the reproducibility between the two experiments seemed sat-
isfactory; we then merged the results from the two experi-
ments, giving a total of 7527 unique proteins. In this mega-

Sequence (5�-3�) Sequence (5�-3�)

Primer Set Forward Reverse
hSNAI1 GCGCTCTTTCCTCGTCAGG GGGCTGCTGGAAGGTAAACTCT
hTCN2 GGCCCTCACTGAGATGTGTG CTGTGCAGGTAGAGGTCTTCC
hSOX2 GCCGAGTGGAAACTTTTGTCG GGCAGCGTGTACTTATCCTTCT
hZEB1 GATGATGAATGCGAGTCAGATGC GATGATGAATGCGAGTCAGATGC
hPPIA (Control) CCCACCGTGTTCTTCGACATT GGACCCGTATGCTTTAGGATGA
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data set, there were a total of 549 proteins whose expression
level changed significantly (by over 1.5-fold), of which 78
proteins were upregulated and 471 proteins were downregu-
lated. PCA analysis (Fig. 1C) of these 549 proteins revealed
the same result as shown by the heat map. These proteins
with significantly changed expression were used for protein
pathway and functionality analysis by Ingenuity Pathway
Analysis (IPA). Hypoxic cells showed slower growth than nor-
moxic cells, which could be seen visually by cell densities.
However, the growth rates have been accurately measured
by cell replication rates using the LR/HR ratio. As shown in Fig.
1D, for U87 cells growing under normoxia for 6 days, the
LR/HR ratio of H4 peptide was 4.73, and the cell doubling

time was calculated as 61 h (supplemental Table S6). When
cells were grown under hypoxia for over 1d, their growth
was arrested, because the LR/HR ratio of the H4 peptide had
not changed at all from that of the previous day, when the
cells were under normoxic conditions (supplemental Table
S6).

The proteins with significant expression changes were sub-
jected to STRING pathway analysis. Proteins identified in the
enriched biological process (GO) with FDR smaller than 0.05
were re-loaded to STRING for KEGG pathway analysis. The
interaction network of the proteins was visualized by Cyto-
scape. Enriched KEGG pathways perturbed by hypoxia in-
cluded glycolysis, HIF-1 signaling, carbon metabolism, and

FIG. 1. Determination of quantification reproducibility by correlation analysis. A, Protein expression profile similarities were evaluated
by correlation coefficients at consecutive 5 day time points and two experimental inter-groups. The distribution with fitted line of each variable
(protein expression of each sample) is shown on the diagonal. Correlation coefficients were calculated by Pearson equation and visualized by
the histogram display using the R program. Bottom-left half are linear regressions with dots representative of variables and red fitted lines
(correlations) between every two data points (samples) and upright half are the calculated coefficients and asterisks denoting significance (p
values). Better correlations are shown with larger fonts (identical is 1, whereas no correlation is 0 or negative.), *** � p � 0.0001. B, Heat map
of protein expression calculated as fold changes compared with normoxic cells. Two experiments (Expts 1 and 2) were carried out for U87 cells
growing under hypoxia for up to 5 days, and control cells under normoxia for the same period. C, Principle component analysis (PCA) of protein
expression patterns for groups d1 to d5. The two most significant principal components, PC1 and PC2, representative for the 549 proteins
(shown as numbers in the figure), are shown in the biplot. D, Ratios of newly synthesized histones (LR) to old histones (HR) in U87 cells growing
under normxia and hypoxia were graphed on a 5-day time scale from the mass spectrometry total ion currents (TIC, area) of the MS/MS product
ions (average of y5 and y6) of histone H4 peptides VFLENVILR/VFLENVIHR.
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PI3K-Akt signaling/inflammation pathways (Fig. 2, supple-
mental Table S3).

Label-free Quantification of Proteins in Hypoxic U87 Cells—
The combined two sets of peptide samples before TMT were
analyzed by LC-MS/MS. In addition to the normoxic samples
(d0), hypoxic samples for up to 5 days (d1–d5) were analyzed,
by three injections each. A total of 18 LC-MS/MS raw data
files were obtained. Because the TMT-measured protein ex-
pression profile at d5 was significantly different from those on
d1–d4, the result at d5 was not presented again. Proteins with
FDR smaller than 0.05 were considered real (supplemental
Table S4). Supplemental Table S4 summarized the informa-
tion on protein identification and quantitative results. For
proteins whose identification was based on single unique
peptides, their annotated spectra, which were sequentially
numbered as appeared in supplemental Table S4, were pro-
vided as “Tandem MS spectra of single unique peptide for
protein identification” in the Supplemental Materials. Based
on supplemental Table S4, volcano plots (Fig. 3) were drawn
to show the distribution of proteins with fold changes (x axis)
of protein expressions in hypoxic cells relative to normoxic
cells and the significance of the measurements (y axis with

-Log p value). Noteworthy upregulated proteins indicated
in the figure were glycolytic proteins (ALDOC, GPI, PGK1,
PGM2) and the lactate/pyruvate transporter proteins MOT1/4
(MCT/14); downregulated proteins were Proliferation Cell Nu-
clear Antigen (PCNA, essential for replication), Promyelocytic
Leukemia protein (PML, an oncogene suppressor protein),
and proteins involved in the immune system with antiviral and
anti-inflammatory function, including MX1 and STAT1. Fur-
ther, STRING pathway analysis of proteins with significant
expression changes indicated that glycolysis, carbon metab-
olism, proteasome, oxidative phosphorylation, and mRNA
splicing were among the top enriched KEGG pathways as
shown in supplemental Table S5 and Fig. 4, which was visu-
alized by Cytoscape.

Hypoxia Promotes EMT and CSC Renewal—Surprisingly,
the HIF-1� protein was not detected by our current proteomic
approach, possibly because its expression in brain cells is not
as high as we expected. Therefore, we turned to Western blot
analysis using an anti-HIF-1� antibody. As shown in Fig. 5A,
the expression of HIF-1� protein increased significantly on d1
to d4 for both U87 cells and U251 cells under hypoxia. The
expression of HIF-1� was concurrent with that of GLUT1/

FIG. 2. Protein interaction networks of hypoxic proteome revealed by TMT proteomics. The analysis was done using protein interaction
information based on the enriched KEGG pathways from the STRING database and visualized using Cytoscape. Each node represents a
protein that is sized by the degrees of connections and colored based on betweenness centrality; each edge is sized by EgeBetweeness and
colored based on its chromosome neighborhood. Protein fold changes were multiplied by the combined scores to form new Combined Scores.
A–D are the protein interaction proteomes of 4 days of hypoxia from d1 to d4, respectively.
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SLC2A1; the latter is a HIF-1�-activating protein (29). Similar
expression patterns were observed for the stem cell/cancer
stem cell marker protein SOX2 and the EMT marker protein
Claudin, an important component of tight junction complexes
(Fig. 5A). Gene expression analysis by qRT-PCR revealed that
mRNAs for SOX2 and two additional EMT markers, SNAI1 and
ZEB1, were upregulated in hypoxic U87 cells (Fig. 5B), sug-
gesting that overexpresssion of stem cell and EMT markers
could be transcriptionally regulated by hypoxia. Promoter ac-
tivation of both CSC and EMT marker genes by HIF-1� has
previously been described in coronary endothelial cells and
colorectal cancer cells (30–33), consistent with our findings
here in glioblastoma cells. The hypoxic glioblastoma cells
exhibited elongated morphologies characteristic of EMT, in-
cluding increased Aspect Ratios (AR) and decreased Circu-
larity (fcirc) (supplemental Fig. S1 and S2). Under the same

experimental conditions as used for U87 cells, the small lung
cancer A549 cells also underwent EMT under 5 days of hy-
poxia, showing the same cell phenotype and gene expression
profiles of EMT as induced by TGF� (supplemental Fig. S3).
Thus, induction of EMT by hypoxia might be a common mech-
anism of metastatic cancer cells with CSC renewal and inva-
sive/migratory properties, allowing them to disseminate and
propagate to remote sites.

Our data also suggested that hypoxia triggers cellular trans-
formation by upregulating the expression of ceramide UDP-
galactosyltransferase (UGT8), a marker of invasiveness (34,
35), as shown in Fig. 5C. In addition, the inflammatory markers
mitogen-activated protein kinase phosphatase (MKP2) and
NF-�B p65/RelA (36) were also upregulated (Fig. 5C). Over-
expression of MKP2 was previously detected in several can-
cer cell lines including liver, pancreatic, ovary, and breast

FIG. 3. Volcano plots of data from label free quantification of proteins. Dots representing proteins with fold change (compared with
normoxia) � 
 2 expression are colored in orange; fold change � 2 and significance [- Log10(p value)] �10 are in red; fold change � 2 and
significance �10 are in green. The upregulation zone included proteins involved in glycolysis and transportation of glucose and lactate; the
downregulation zone included proteins involved in tumor suppression, anti-inflammation and replication, which are selectively circled and
named. A-D, Hypoxia for 1–4 days.
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(37–39). RelA is not only a transcriptional activator of Snail,
one of the EMT/CSC markers (40, 41), but also one of the
major components of the NF-�B signaling pathway activated
in inflammation, immunity, and cancer (42, 43). IPA analysis of
the d1–d4 TMT proteomics data set revealed several signifi-
cantly altered pathways, including reduced cellular assembly
and maintenance capability, decreased neuron migration, and
downregulated cancer suppression gene p53 (z-scores are
smaller than �2). By contrast, the pathway for forming solid
cancer/tumor was significantly upregulated (z-scores are
larger than 2; Table I), showing good agreement with the
STRING analysis that identified several enriched inflammation
pathways including MAPK, PI3K-Akt, mTOR, FoxO, and
VEGF signaling pathways (Fig. 2, supplemental Table S3).

Hypoxia Upregulates Protein Expression in Glucose Trans-
port and Glycolysis Pathways—All the proteins identified by
TMT proteomics in the glucose transport and metabolic path-
ways were assembled and visualized graphically in a “pseudo
WB” showing protein expression profiles by the degree of
darkness of rectangles. As shown in Fig. 6, GLUT1 was up-
regulated by nearly 3-fold under 1% O2 on d1 and remained
elevated throughout the experiment for 5 days. By contrast,
GLUT3 was upregulated only 1.52 fold, from d4. The expres-
sion of nine key enzymes in the glycolytic pathway was incre-
mentally increased with the number of days of hypoxia, reach-
ing the maximum at d4 (Fig. 6) (44). Though not every protein
identified by TMT was also identified by label-free analysis,
the two proteomics experiments both identified glycolysis

FIG. 4. Protein interaction networks of hypoxic proteome revealed by LFQ. The analysis was done using protein interaction information
based on the enriched KEGG pathways from the STRING database and visualized using Cytoscape. Each node represents a protein that is
sized by the degrees of connections and colored based on betweenness centrality; each edge is sized by EgeBetweeness and colored based
on its Chromosome Neighborhood. Protein fold changes were multiplied by the Combined Scores to form new Combined Scores. A–D are the
protein interaction proteomes of 4 days of hypoxia from d1 to d4, respectively.
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TABLE I
Activation z-score of major disease-related cell functionality (shown is hypoxia d4 data and not shown for d1-d3 are very similar)

Cellular functions and diseases Activation Z-score p value -Log

Cellular assembly Microtubule dynamics �3.24 4.29
Organization of cytoskeleton �3.43 3.95
Organization of cytoplasm �3.53 3.52
Formation of cellular protrusions �2.55 2.94

Neurological function Migration of neurons �2.40 1.8
Cancer Malignant solid tumor 2.05 8.37

Abdominal cancer 2.07 7.47
Digestive organ tumor 3.23 6.63
Gastrointestinal tract cancer 2.11 6.05
Malfunction of genital organs 2.39 3.39
Head and neck neoplasia 2.19 5.48

Cancer suppression p53 �2.37 1.07

FIG. 5. Hypoxia induces EMT. A, WB
of HIF-1�, SOX2, and Claudin1 protein
expression in hypoxic U87 and U251
cells. �-actin was used as the loading
control. B, qRT-PCR analysis of SOX2,
SNAI1 and ZEB1 at d5 under hypoxia.
*p � 0.05, **p � 0.01, ***p � 0.001. C,
WB of UGT8, MKP2, and RelA/p65 pro-
tein expression in hypoxic cells. �-actin
was used as the loading control.
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as one of the major pathways impacted by hypoxia (Fig.
2–4, supplemental Fig. S3 and S4). Upregulation of glycol-
ysis compensates for the hypoxia-induced impairment of
oxidative phosphorylation to provide energy for cells to
survive. However, hypoxic cells’ growth was arrested (Fig.
1D, supplemental Table S6). The switch between these two
pathways was highlighted by label-free proteomics (Fig. 4).

Hypoxia Downregulates TCN2 Expression Resulting in
Folate-cycle Trap and the Arrest of Cell Growth—Met is used
for the synthesis of proteins and SAM. It is normally taken up
from extracellular nutrients, consumed, and recycled in the
Met cycle, but also regenerated from Ser metabolism when a

methyl group from 5-methyl-tetrahydrofolate (5-meTHF) is
transferred to homocysteine, catalyzed by Met synthase,
which requires vitamin B12 as a cofactor. Vitamin B12 from
nutrients binds to intrinsic factor/transcobalamin III (TCN3) on
the cell membrane before being taken up into the cells via
receptor-mediated endocytosis. Vitamin B12 is further deliv-
ered to various cell compartments by its transport proteins
haptocorrin (TCN1) and transcobalamin II (TCN2). Among the
three transcobalamin proteins, TCN1 and TCN3 are less spe-
cific and have a lower turnover rate than TCN2, and the former
two but not the latter bind to inactive B12 analogues. Hence,
TCN2 is considered the best biomarker of active and available
B12 (45). In our proteomics experiments, TCN2 was signifi-
cantly downregulated under hypoxia right after d1, TCN1 was
slightly downregulated, whereas TCN3 was not detected (Fig.
7A). Downregulation of TCN2 was further confirmed by WB
(Fig. 7C, 7D) and RT-qPCR analysis (Fig. 7E). Without TCN2,
there would be no vitamin B12 transported into the cells,
resulting in its deficiency. As expected, vitamin B12 concen-
tration measured by ELISA was significantly lower in hypoxic
U87 cells (Fig. 7F). Because proteomic analysis revealed no
significant changes in protein expression levels for most of the
enzymes participating in the folate cycle (Fig. 7A, 7B), vitamin
B12 deficiency because of downregulation of TCN2 by hy-
poxia might be the leading cause of the folate trap (methyl
trap), because the reaction of methyl transfer from 5-me-
THF to homocysteine to form Met is impeded without avail-
able vitamin B12 as the essential cofactor of Met synthase
(MTR). Until 5-me-THF is demethylated, folate cannot par-
ticipate in any other one-carbon transfer reactions. As a
result, blocked Ser and Gly metabolism leads to their accu-
mulation in the cells. Higher concentrations of Ser and Gly in
hypoxic cells were confirmed by the measurement of cellu-
lar endogenous amino acid concentrations by GC/MS (Fig.
7G). Blocked Ser metabolism would cause decreased Met
synthesis in the cell. However, the measured Met concen-
trations showed little change between normoxic cells and
hypoxic cells (Fig. 7G), suggesting that depletion of Met
from metabolic synthesis was largely compensated by its
decreased consumption in protein synthesis resulting from
the folate trap, as it stops the synthesis of purines and
thymidines, the precursors of RNA and DNA, inducing the
arrest of cell division. In this regard, the decreased Met/Ser
ratio in hypoxic cells (Fig. 7H) would otherwise be a better
barometer indicating the blocked one-carbon metabolic
pathway in hypoxic cells.

As shown in Fig. 7A, RNAseH2, a component of the het-
erotrimeric type II ribonuclease H enzyme, which is the major
source of ribonuclease H activity in mammalian cells and
endonucleolytically cleaves ribonucleotides essential for DNA
replication, was dramatically downregulated in hypoxic cells.
The arrest of cell replication results in decreased protein
synthesis. As expected, the histone synthesis rate declined
gradually in hypoxic cells compared with the normoxic cells

FIG. 6. MS pseudo-WB of hypoxia-regulated protein expression
in glucose transportation and metabolic pathways. MS pseu-
do-WB is a metaphor for Western blot images, created by a heat map
of the protein expression ratios acquired from quantitative proteomic
analysis. Protein expression in normoxic cells (d0) was set at 1 and
protein expression in hypoxic cells for up to 5 days (d1 - d5) were
compared with that in the normoxic cells. Ratios � 0.67 (or 1.5-fold)
are considered to denote significant downregulation (white color), and
ratios 	 1.5 are considered to show significant upregulation, which is
visualized by the relative darkness of the bands.
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growing in parallel according to the calculated light arginine
incorporation rate (note: proteins in the seeded cells were fully
labeled with heavy arginine) (Fig. 1D, supplemental Table S6),

which could be used, on the other hand, as a surrogate of
commonly used methods (using labeled nucleosides for
measuring cell replication). It should be noted that the vitamin

FIG. 7. Hypoxia impedes one-carbon metabolism by the vitamin B12-tranporter TCN2. A/B, MS pseudo-WB and locations of the proteins
in the pathway. The most significant hypoxia-induced downregulated proteins were TCN2 (Transcobalamin II), RNASEH2A (Ribonuclease H2),
PANK3 (pantothenate kinase 3, needed for CoA biosynthesis), VDR (vitamin D receptor), and GCLM (glutamate-cysteine ligase); less
significantly downregulated proteins were TCN1 (Transcobalamin I), MTHFD1L (methylenetetrahydrofolate dehydrogenase 1-Like); no or slight
change: SHMT2 (Ser hydroxymethyltransferase 2 (mitochondrial)), MTHFD (methylenetetrahydrofolate dehydrogenase 1), SCL25A32 (solute
carrier family 25 (mitochondrial folate carrier), member 32), MAT2A/2B (Met adenosyltransferase 2A/2B), MTHFR (methylene tetrahydrofolate
reductase), FTHFD (formyltetrahydrofolate dehydrogenase), GART (phosphoribosylglycinamide formyltransferase) and PLP2 (papain-like
proteinase 2). C, Fluorescence image of WB of TCN2. D, Statistical analyses of three repeats of WB in C. E, mRNA of TCN2 in control and 4d
under hypoxia by RT-qPCR. F, Vitamin B12 concentration in control (d0) and at 4d under hypoxia, by ELISA. G, Ser, Gly, and Met amino acid
concentrations in control and at 4d under hypoxia, by GC/MS. H, Met/Ser calculated from G.
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D receptor (VDR) was also significantly downregulated under
hypoxia, indicating that hypoxia might also impair the homeo-
static control of mineral metabolism, cell differentiation by
VDR targeted gene expression, and functional activities re-
sponsible for growth hormones and immune responses (46).
Taken together, impaired synthesis of proteins (except for the
HIF-1�-activating genes/proteins), RNA/DNA, and possibly
metabolites, could result in cell growth arrest coexisting with
EMT (47), as slowed cell proliferation happened concurrently
with morphologically visible EMT characterized by elongation
(Fig. 1D, supplemental Fig. S1, S2). Slightly away from the
major topic, as shown from the extension of Met metabolic
cycle (Fig. 7B), the enzyme GCLM, which is responsible for
conversion of cysteine into glutathione, was significantly
downregulated, decreasing the cells’ ability to combat reac-
tive oxygen species (ROS), because the antioxidant glutathi-
one is a ROS scavenger.

DISCUSSION

We have analyzed the proteome of glioblastoma, typically
U87 cells, during 5 days of hypoxia. The quantification was
carried out by both TMT-labeling and label-free LC-MS/MS.
The two quantification methods have identified not only com-
monly shared enriched pathways, such as glycolysis. Con-
sistent with the literature, a switch from oxidative phospho-
rylation to glycolysis is a major cancer cell response to
hypoxia, shown by elevated glucose metabolism, high glu-
cose consumption and increased glucose uptake (44, 48).
Transport of glucose across the plasma membrane of mam-
malian cells is the first rate-limiting step in glucose metabo-
lism, and is facilitated by glucose transporters (GLUT) and
endocytosis. It has been widely accepted that increased
GLUT levels and their transport activity together with an ac-
celerated glycolysis rate contribute significantly to tumor,
growth as historically indicated by the Warburg effect (49).
GLUT has up to 14 isoforms (GLUT1-GLUT14), among which
GLUT1, GLUT3, and GLUT4 have the highest affinity for glu-
cose, allowing transport of glucose at a high rate under nor-
mal physiological conditions. GLUT4, which is sequestered in
the intracellular compartments and is translocated to the cell
membrane in the presence of insulin, assists in the transport
of glucose by endocytosis/exocytosis (50). GLUT1 and
GLUT3 are overexpressed in many malignant cell types, in-
cluding glioblastoma. Of the 14 GLUT isoforms, our proteomic
data indicate that GLUT1 is the most rapidly and highly up-
regulated protein under hypoxia before glycolysis (Figs. 3, 6,
and 4S). The GLUT1 protein is one of the low-oxygen stress-
induced or HIF-1� transcriptionally regulated proteins, which
also include the HIF-1� stabilizer protein Thrombopoietin
(TPO) (29, 51); these two proteins belong to the HIF-1� sig-
naling pathway and were upregulated in hypoxic U87 cells as
shown by TMT proteomics (Fig. 2). GLUT1 and GLUT3 also
participate in vitamin C transport (supplemental Fig. S4). High
vitamin C intake could partially compensate for oxygen defi-

ciency- induced ROS and counter the adverse effects of low
oxygen on demethylases (52). The TMT proteomics approach
has quantified almost all of the proteins in the glycolysis
pathway, which were all upregulated under hypoxia, acceler-
ating the synthesis of pyruvate and its conversion into lactate
that was consequently consumed for energy production in
order to compensate for the loss from hypoxia-induced
downregulation of oxidative phosphorylation in the Krebs cy-
cle (Fig. 4S and 6). Beside the glycolytic enzymes, both TMT
and label-free-proteomics have shown elevated expression of
the monocarboxylate transporter 4 (MOT4), responsible for
lactate transport (supplemental Table S1–S2, S4, Fig. 3), but
small changes for MOT1 and lactate dehydrogenase A/B
(simplified as LDHA/B), which are the two enzymes responsi-
ble for the conversion between pyruvate and lactate from
either direction, demonstrating that lactate efflux in hypoxic
cells is enhanced through glycolysis and transportation of
lactate. Beside uptake from the cell culture medium, intercel-
lular Ser levels could be regulated by its production through
the Ser biosynthesis pathway, a branch from the main glycol-
ysis pathway starting at 3-phospho-glycerate (3-P-G) (supple-
mental Fig. S4). Because the expression of the three proteins
involved in Ser biosynthesis was inconsistent over 5 days of
hypoxia and because only �10% of 3-P-G is metabolized to
Ser as compared with pyruvate in cancer cells (53), we cannot
predict how hypoxia affects Ser synthesis. Above all, our
proteomic results support the long-standing Warburg theory
that hypoxic cancer cells have large lactate production from
glucose uptake and anaerobic glycolysis to maintain cell sur-
vival (54).

Although the glucose metabolism pathway in hypoxic can-
cer cells is accelerated to compensate for the loss of oxidative
phosphorylation because of the low-oxygen stress for cell
survival, overall cell proliferation is suppressed as evidenced
by upregulation of the proteasome protein degradation path-
way and downregulation of ribosome and mRNA splicing
pathways, together with downregulation of the cell replication
marker protein PCNA (Fig. 4). Decreased cell proliferation in
hypoxic cells was further directly supported by the lower cell
densities (supplemental Fig. S1 and S2), and decreased pro-
liferation rates measured by arginine incorporation (LR/HR) in
replicating cells (Fig. 1D and supplemental Table S6). We
would again empathize that proteomic analysis starting with
HR-labeled cells quantifies the proteome of replicating cells so
that the effects from the preexisting proteome of old cells are
minimized, and hence quantification accuracy is improved.
This improved accuracy was more apparent when histone
methylation from Ser metabolism was measured, which will
be reported in a subsequent manuscript. In addition to the
protein pathways regulating cell proliferation that were down-
regulated, the metabolic pathways essential for DNA and
protein synthesis were also downregulated, indicating cross-
talk between metabolites and proteins. It should be noted that
when cells were switched to fresh medium at the end of d2, it
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took about a half hour for the hypoxic incubator to reach 1%
O2, and extra time was possibly needed for the rebalancing of
O2 in the medium; reoxygenation could have happened. This
caused a slight resurgence in the proliferation rate (Fig. 1D
and supplemental Table S4) and minor relaxation of the per-
turbed pathways at d3 (Fig. 2C, 3C). However, as compared
with the 61-hour doubling time for normoxic cells (supplemen-
tal Table S6), the short-term re-oxygenation did not cause
dramatic changes in the hypoxic proteome from d2 to d4
(Figs. 2 and 4).

Cell growth arrest could directly result from the folate trap
that is caused by the inactivation of Met synthase (MTR). MTR
requires vitamin B12 as its cofactor. In hypoxic U87 cells, the
cellular vitamin B12 concentration was found to be decreased
(Fig. 7F). We further found that the cause of this decrease in
vitamin B12 was likely the downregulation of TCN2, which is
the major vitamin B12 transporter (Fig. 7A, 7C, 7D, 7E). The
folate trap blocks the synthesis of the purine and thymidine
substrates for RNA and DNA synthesis, and the synthesis of
Met essential for protein synthesis. Because Met is not only
the first amino acid of proteins before N-terminal Met excision
in eukaryotic cells (AUG encoding Met is always the start
code) but also one of the total 20 amino acids in the protein

sequence, its deficiency blocks cell growth. The identification
of downregulation of TCN2 in hypoxic cells led to our hypoth-
esis that a hypoxia-induced decrease in TCN2 results in an
intracellular B12 deficiency that sequentially causes blockage
of the one-carbon metabolic pathway, cell growth arrest,
EMT, and CSC renewal. To test this hypothesis, we measured
the expression levels of several ESC and EMT markers
(protein and/or mRNA) by WB and qRT-PCR in U87 cells in
which TCN2 expression was either knocked down (KD) by
transfection of TCN2 siRNA or overexpressed by electropo-
ration of TCN2 cDNA. TCN2 was successfully knocked down
by �80% at both the protein (Fig. 8A) and the mRNA level
(Fig. 8B). As shown in Figs. 8C–8E, in TCN2 KD cells the
mRNA level of the CSC marker SOX2 increased by 3-fold and
the mRNA levels of the EMT markers ZEB1 and
SNAI1increased by 4-fold and 8-fold, respectively, relative to
the control. By contrast, in TCN2 over-expressing cells, the
expression of both EMT and CSC marker proteins was inhib-
ited, which blocked the hypoxic cells from EMT and CSC
production (Fig. 9). These data strongly supported our hy-
pothesis that TCN2 plays a critical role in regulating one-
carbon metabolism and dictating cell transformation. There-
fore, our identification of the role of TCN2 in cancer cells

FIG. 8. Expression of CSC and EMT markers in TCN2 KD U87 cells. A, WB of TCN2 and �-actin (loading control). B, Fold change of TCN2
mRNA. C, Fold change of SOX2 mRNA. D, Fold change of SNAI1 mRNA. E, Fold change of ZEB1 mRNA. qPCR data (B–E) were normalized
by the expression of cyclophinin. #: p � 0.01.
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revealed a novel mechanism for understanding hypoxia
biology.

A combination of proteomic analysis with mRNA analysis
by qRT-PCR and protein expression analysis by WB illus-
trated the EMT progression of U87 cancer cells under hypoxic
conditions. EMT occurred with recognizable mesenchymal
morphology (supplemental Fig. S1 and S2) accompanied by
overexpression of EMT markers including SNAI1, ZEB1/2,
Claudin, and Vim at either the mRNA or protein level (Fig. 2, 4,
and 5). Under hypoxia, cells responded to the low-oxygen
stress by inflammation. In this regard, the proinflammatory
molecule GLUT1/SLC2A1 (55, 56) (Figs. 2–4, 6, and (supple-
mental Fig. S4), inflammatory proteins including NF-�B p65/
RelA (Fig. 5B) and proteins in the mitogen-activated protein
kinase (MAPK) signal pathway including MKP2 (37, 38) and
the PI3K/Akt/mTOR pathway were all overexpressed (supple-
mental Table S1). Concurrently with EMT, hypoxic cells were
dedifferentiated with more CSC properties, which was sup-
ported by upregulation of the stem cell marker proteins SOX2
(Fig. 5A, 5B) and Vim (supplemental Table S1–S2, and S4).
This feature was also consistent with previous physiological
and biological discoveries obtained from studies in animal or
human disease models (57, 58). The work presented here
endorsed the consensus that hypoxia promotes EMT and
CSC renewal, which are characteristic features of metastatic
and aggressive cancer cells, in line with the downregulation of
the anti-inflammatory proteins MX1 and STAT1 (Fig. 3), the

downregulation of the oncogene suppressors p53 (Table I,
Fig. 2B) and PML (Fig. 3), and upregulation of the cancer
metastatic marker protein UGT8 (Fig. 5C) (34, 35).

In conclusion, cells growing under hypoxic stress experi-
ence metabolic and transcriptional adaptation (13). Hypoxia
induces deficient mitochondria redox-oxidation cycles needed
for energy production (14, 15). To compensate for this defi-
ciency, cells adapt to the stress by anaerobic metabolism of
citric acid cycle intermediates and glucose metabolism, his-
torically known as the Warburg effect (54, 59, 60). This met-
abolic adaptation was previously seen in response to stem
cell-like EMT in tumor cells in response to hypoxia (61, 62),
albeit it is also required for normal human pluripotent stem cell
maintenance and differentiation (63). Our current hypoxic ex-
periments consistently identified EMT promotion and CSC
renewal in hypoxic glioblastoma U87 cells and U251 cells.
The same identification was achieved in human small lung
cancer A549 cells (supplemental Fig. S3). However, no EMT
characteristic morphological change was seen in normal lung
epithelial cells under 1% O2 for over 15 days (data not shown).
This suggested that hypoxia may cause type III EMT in all
cancer cells, but is not sufficient to induce type I EMT in
normal cells. Importantly, we have demonstrated that the
metabolic adaptation of hypoxic cells was through downregu-
lation of TCN2 protein, which is essential for delivering
active and available vitamin B12 to the cells for their one-
carbon metabolism. Reduced expression of TCN2 appeared

FIG. 9. Expression of CSC and EMT markers in U87 cells over-expressed with TCN2 under 48 h of normoxia and hypoxia. A, WB of
HA (the tag protein), TCN2, and �-actin (the loading control). B, Fold change of TCN2 mRNA. C, Fold change of SOX2 mRNA. D, Fold change
of ZEB1 mRNA. E, Fold change of SNAI1 mRNA. qPCR data (B–E) were normalized by the expression of cyclophinin. */#: p � 0.01
(�pTCN2/-pTCN2).
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to exhibit the same phenotype as that of hypoxic cells,
especially with regard to the features of EMT and CSC (Fig.
8). By contrast, overexpression of TCN2 in hypoxic cells
nullified the effects of hypoxia (Fig. 9). This suggests that
TCN2 is not only important in regulating one-carbon metab-
olism, but also plays a significant role in cancer cell
transformation.

The propagation of glioblastoma is closely linked to the
microvascular proliferation in hypoxic areas of the brain, often
because of the overexpression of HIF-1�-activating genes,
including VEGF and GLUT1. Although 2D cell culture cannot
fully mimic a tumor that grows in a spheroid 3D structure with
a gradient of oxygen from normal at the outside surface to
depleted at the center of a solid tumor, 2D culture allows
effective analysis of hypoxia via gene/protein expression pro-
filing to reveal global expression patterns and biological sig-
naling pathways. For example, as indicated from our work,
hypoxia itself suppressed cell proliferation, which was con-
trary to the perception that hypoxia induces proliferation in the
tumor. However, the results of our proteomic analysis suggest
that the blockage of one-carbon metabolism could be one
of the causes of cell proliferation arrest, because one-carbon
metabolic pathway provides essential fuels, such as amino
acids, lipids, DNA/RNA and proteins needed for cells to grow.
The identification of TCN2 as a potential therapeutic target for
activating vitamin B12 delivery, reversing EMT, and controlling
CSC lays the foundation for a novel preclinical study on the
treatment for glioblastoma.

Because one-carbon metabolism is critical for maintaining
Met homeostasis, and Met is required not only for cell prolif-
eration but also to produce SAM, an essential cofactor of DNA
and histone methylation, the current work promotes continu-
ing studies that link the impact of hypoxia on one-carbon
metabolism to the epigenome.
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