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LC-MS-based metabolomics reveals metabolic
signatures related to glioma stem-like cell self-
renewal and differentiationy
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Gliomas are the most common and lethal primary malignant brain tumors. Recent studies implicate an
important role for a rare population of glioma stem cells (GSCs) in glioma maintenance and recurrence.
New therapeutic strategies are desperately needed requiring insights into the biological and molecular
mechanisms underlying the self-renewal and differentiation of GSCs. We now investigate the metabolic
signatures of three glioma cell lines with different stemness using a liquid chromatography-mass
spectrometry (LC-MS)-based metabolomics approach. Cellular metabolites differentially expressed in
UB87MG stem-like cells (SLCs) relative to U87 malignant glioma cells (GCs) and U87MG stem-like cell
differentiation cells (SLCDCs) were identified. The specific and significant alterations including nucleotide

metabolism, glycerophospholipid metabolism, glutathione metabolism, carnitine metabolism and
Received 1st April 2017

Accepted 24th April 2017 tryptophan metabolism were characterized. Cell function assays were further used to evaluate the self-

renewal ability of SLCs treated with differential metabolites, indicating that these metabolites are

DOI: 10.1039/c7ra03781c involved in the maintenance of stemness. The results provide valuable information on the association of
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Introduction

Gliomas originating in glial cells are the primary tumors of the
central nervous system (CNS). Although the incidence of CNS
tumors is only approximately 28.57 per 100 000 people in the
United States, approximately 80% of malignant CNS tumors are
malignant gliomas. They are the most common and lethal
primary malignant brain tumors. For patients with glioblas-
toma (World Health Organization (WHO) grade-IV), the most
common and severe glioma variant in adults, the median
survival time is approximately 15 months even after combining
chemotherapy and radiation with surgery, and only 5.1% of
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the significantly altered metabolites and metabolic pathways with SLC self-renewal and differentiation.

patients survive five years after diagnosis.”” Emerging experi-
mental and clinical data strongly suggest the existence of a rare
population of glioma stem cells (GSCs)** that are responsible
for treatment resistance and are thought to be the cause of
universal recurrence after surgery.>® Stem cells can self-renew,
proliferate unlimitedly, differentiate into other glioma cells
and play a key role in tumor initiation, progression and recur-
rence.”” Therefore, a novel therapeutic strategy that directly
targets and eradicates GSCs has been proposed. However, the
regulation mechanism of self-renewal and differentiation of
GSCs are not fully understood.

Metabolomics allows the simultaneous determination of
many small molecule metabolites in a given physiological or
pathological situation. Therefore it represents a highly sensitive
and comprehensive tool for studying the events associated with
a cellular or biological system. Subtle alterations in the
expression level of a gene or protein can result in significant
changes in the “downstream” products (i.e. metabolites)
level.*>'* Metabolomics approach has been increasingly applied
to biomarker discovery, mechanistic elucidation as well as new
therapeutic strategy developing.'” Cell models had the advan-
tages of low cost, high reproducibility and possibility of
a human origin. The combination of metabolomics and cell
models has already been applied to the investigation on meta-
bolic differences of various gliomas cell lines,”® staging of
gliomas,**** microenvironment'® and drug-induced effects."”°
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In fact, very few studies have actually benefitted from cell
metabolomics to investigate self-renewal and differentiation in
cancer stem cells (CSCs), particularly in GSCs.

In the present study, the metabolic signatures of three
glioma cell lines, U87 malignant glioma cells (GCs), US7MG
stem-like cells (SLCs) and U87MG stem-like cell differentiation
cells (SLCDCs) were systematically studied using an LC-MS-
based cell metabolomics approach in conjunction with multi-
variate data analysis (MVDA). Untargeted global profiling fol-
lowed by targeted metabolomics was applied to obtain
a comprehensive view of the interconnected differential
metabolites as well as the selected biochemical pathways of
interest. By comparing the metabolic signatures of GCs and
SLCs, we were able to identify the specific metabolite and
pathway alterations associated with SLC self-renewal, while
those associated with SLC differentiation were determined by
comparing SLC and SLCDC metabolic signatures. Sphere
formation assays, limiting dilution assays and Western blotting
were further used to evaluate the influence of relevant metab-
olites on the self-renewal ability of SLCs. A flowchart of the
strategy used in this study is shown in Fig. S1.7

Experimental
Chemicals and reagents

All standard samples and isotope internal standards used in the
metabolomic analysis, including choline, r-leucine, r-proline,
valine, trans-cinnamic acid, creatine, hypoxanthine, spermidine,
methionine sulfoxide, guanine, r-carnitine, 2-hydroxycinnamic
acid, phenylalanine, r-tyrosine, acetylcarnitine, i-tryptophan,
kynurenine, pantothenic acid, i-formylkynurenine, N;-acetyl-
spermine, p-glucose 6-phosphate, guanosine, xanthosine, 5'-
methylthioadenosine, glutathione, UMP, GMP, ADP, LPE (18 : 1),
LPC (15 : 0), oxidized glutathione, nicotinamide adenine dinu-
cleotide (NAD), pyrrolidonecarboxylic acid, indoleacrylic acid,
IMP, UDP-glucose, N-acetyl-o-glucosamine, r-tryptophan-(indole-
ds),  rtyrosine-(phenyl-3,5-d,),  7-methylxanthine-2,4,5,6-'*
C4,1,3,9-1°N;, androstene-3,17-dione-2,3,4->C; and succinic acid-
2,2,3,3-d, were purchased from Sigma-Aldrich (St. Louis, MO,
USA). HPLC-grade methanol, acetonitrile, and formic acid were
purchased from Merck (Darmstadt, Germany). Pure water was
obtained from the Wahaha Group Co., Ltd. (Hangzhou, China).

Cell lines and cell culture

The human glioma cell line U87MG was purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA).
GCs were maintained in Modified Eagle Medium containing
1 mM sodium pyruvate, 1% NEAA, 10% fetal bovine serum (FBS,
HyClone), 2 mM r-glutamine and 1% penicillin/streptomycin.
SLCs were cultured in Neurobasal Medium (Gibco) supple-
mented with 2% B27 (without vitamin A, Gibco), 10 pg mL ™"
heparin (Sigma), 20 ng mL™" basic fibroblast growth factor
(bFGF, Peprotech) and 20 ng mL ™" epidermal growth factor
(EGF, Peprotech). To induce differentiation, 10% FBS was
added and bFGF and EGF were removed from the final SLC
culture medium. All cells were cultured according to the
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guidelines recommended by the ATCC and were maintained at
37 °C in a humidified atmosphere containing 5% C0O,-95% air.

Sample preparation

Intracellular metabolite extraction was primarily performed
according to a previously reported method.** (1) Cells (5 x 10°)
were quickly washed twice with phosphate-buffered saline (PBS)
(37 °C) to remove residual enzymes and medium before cell
lysis. (2) The cells were then quenched and extracted by directly
adding 0.5 mL of —80 °C 100% methanol, and the solution was
then transferred to a microcentrifuge tube (Tube 1) and snap-
frozen in liquid nitrogen. (3) The cells were thawed, vortexed
for 60 s (2500 rpm), and centrifuged for 5 min at 1100 rpm, and
the supernatant was then transferred to a fresh microcentrifuge
tube (Tube 2) on dry ice. (4) The cell pellet was resuspended in
0.5 mL of —80 °C 100% methanol, the previous freeze-thaw
cycle was repeated, and the supernatants were combined in
Tube 2. (5) The cell pellet (Tube 1) was resuspended in 0.25 mL
of ice-cold Milli-Q water, the previous freeze-thaw cycle was
repeated, the cells were centrifuged for 5 min at 12 000 rpm,
and the supernatants were combined in Tube 2. (6) Tube 2 was
centrifuged at 12 000 rpm for 5 min, and the supernatant was
transferred to a fresh tube (Tube 3). (7) The supernatant in Tube
3 was dried using a centrifugal evaporator at 30 °C. (8) The
samples were resuspended in 100 uL of 80% aqueous methanol
and centrifuged at 12 000 rpm for 5 min, and the supernatants
were then transferred to autosampler vials and used for LC-MS
analysis. A quality control (QC) sample was prepared by pooling
and mixing the same volume of each cell sample.

Global metabolomics analysis by LC-MS

The intracellular metabolite extracts were analyzed on a Dionex
UHPLC Ultimate 3000 system (Thermo Scientific, Dionex, Sun-
nyvale, California, USA), coupled to a Q-Exactive mass spec-
trometer with a heated electrospray ionization (HESI) source
and controlled by the Xcalibur 2.3 software program (Thermo
Fisher Scientific, Waltham, MA, USA). Chromatographic sepa-
ration was performed on a Waters ACQUITY UPLC CSH Cig
column (2.1 mm x 100 mm, 1.7 um), and the column temper-
ature was maintained at 30 °C. The mobile phase consisted of
0.1% formic acid (A) and acetonitrile (B) at a flow rate of 0.25 mL
min~". The gradient conditions were as follows: 0 min, 2% B;
9 min, 60% B; 18 min, 60% B; 20 min, 100% B; and 30 min,
100% B. The injection volume was 10 pL and the autosampler
temperature was set at 4 °C.

The mass spectrometric settings for positive/negative ioni-
zation modes were as follows: spray voltage, 3.5/—3.2 kV; sheath
gas flow rate, 40/45 arbitrary units (arb); aux gas flow rate, 11/10
arb; aux gas heater temperature, 220 °C; capillary temperature,
350 °C; isolation width, 1 m/z. The full scan range was 67-1000
mj/z with a resolution of 70 000, and the automatic gain control
(AGC) target for MS acquisitions was set to 3 x 10° with
a maximum ion injection time of 50 ms. Subsequent MS? scans
with a target value of 2 x 10° jons were collected with
a maximum ion injection time of 200 ms and resolution of
35 000. The normalized collision energy was set to 35/20, and

This journal is © The Royal Society of Chemistry 2017
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the stepped normalized collision energy (NCE) was set to 50%.
High-purity nitrogen (N,) was used as the nebulizing gas and
the collision gas for higher energy collisional dissociation. The
samples were randomly injected independent of cell type to
eliminate systematic bias. A solvent blank and a QC sample
were analyzed after every 10 samples to evaluate the sample
carryover and check for stability.

The acquired LC-MS raw data files were converted to the
mzXML profile format by MM File Conversion 3.9 exe (http://
mm-file-conversion.software.informer.com/3.9/). The mzXML
data were processed with the bioinformatics program XCMS
(http://masspec.scripps.edu/xcms/xcms.php)>? in R project 3.2.0
(http://www.R-project.org), including peak finding, filtering,
alignment, matching, and identification. A data matrix con-
sisting of the retention time, m/z value and peak area was ob-
tained. Each peak area was normalized to the total peak area of
each chromatogram, and then the normalized preprocessed
data sets were imported into the SIMCA-P 14.0 software package
(Umetrics AB, Umed, Sweden) for MVDA including principal
component analysis (PCA), orthogonal partial least-squares
discriminant analysis (OPLS-DA) and permutation tests. The
data were mean-scaled and pareto-scaled to reduce instru-
mental and chemical noise before MVDA. An unsupervised PCA
was used to observe the natural cluster trend of the three cell
types and the QC sample. A permutation test using 999 random
iterations was used to test the model validity against overfitting.
OPLS-DA was applied to explore differences in each comparison
of two cell types. Variables with a VIP (variable importance in
the projection) value =2.0 were considered to be differential
variables. Subsequently, other statistical analyses, such as s-
plot, jack-knifed-based confidence intervals, independent ¢-
test, ParCorA, R-package camera and extracted ion chromato-
grams, were used to further filter out more reliable differential
variables.

Targeted metabolomics analysis by LC-MS/MS

Another 90 cell samples (30 for each cell type) were used for
targeted analysis. All differential variables obtained from each
comparison of two groups were combined together for further
validation analysis. r-Tyrosine-(phenyl-3,5-d,), 7-methylxan-
thine-2,4,5,6-3C,,1,3,9-'°N;, androstene-3,17-dione-2,3,4-3C;,
and succinic acid-2,2,3,3-d, were chosen as the internal stan-
dards to monitor the stability of the analysis.

The ACQUITY UPLC system (Waters, Milford, MA, USA)
equipped with a binary solvent delivery system and an auto-
sampler was used for the separation on a Synergi Hydro-RP
column (4.6 mm x 250 mm, 4 um) (Phenomenex, Torrance,
CA, USA), and the column temperature was maintained at 25 °C.
The mobile phase was 0.1% formic acid (A) and MeOH (B), at
a flow rate of 0.25 mL min~" for both positive and negative
ionization modes. In positive ion mode, the following elution
gradient was used: 0 min, 2% B; 7 min, 20% B; 8 min, 70% B;
18 min, 100% B; and 23 min, 100% B. This gradient was fol-
lowed by a return to the initial conditions, which were main-
tained for 5 min to re-equilibrate the column. In negative ion
mode, the following elution gradient was used: 0 min, 2% B;

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

7 min, 20% B; 10 min, 100% B; and 15 min, 100% B. The total
run time was shortened to 20 min, including the 5 min
equilibration.

The mass spectrometric data were collected using a QTRAP
5500 mass spectrometer (AB SCIEX, Foster City, CA, USA)
equipped with an electrospray ionization (ESI) source. The MS/
MS detection was performed using multiple reaction moni-
toring (MRM) in both positive and negative ion modes. The
declustering potentials (DPs), collision energies (CEs) and
suitable product ions for each variable were optimized to obtain
the best signals. The measurement conditions were as follows:
ESI source voltage, 5.5 KV or —4.5 kV; nebulizer gas (Gas1), 70
psi; turbo gas (Gas2), 60 psi; and curtain gas (CUR), 30 psi. The
collision-activated dissociation (CAD) gas level was set at
medium, the dwell time was 10 ms, and the source temperature
(TEM) was 450 °C.

The peak areas for each metabolite were integrated using
MultiQuant version 3.0.2 software (AB/SCIEX). An independent
validation test based on the LC-MS/MS targeted metabolomics
analysis was performed to screen more reliable variables (p <
0.05).

Metabolites were identified by database searching against
their accurate masses in publicly accessible databases,
including the HMDB (http://www.hmdb.ca/), MassBank (http://
www.massbank.jp/) and Metlin (http://metlin.scripps.edu/).*
The fragmentation patterns and retention time information
were then adapted to narrow the scope of the target
compounds. Finally, available commercial standards were used
to verify the potential structures.

Metabolic pathway analysis

The biological functions and affected metabolic pathways of the
identified differential metabolites were analyzed using KEGG
(http://www.kegg.com/), PubMed (http://www.ncbi.nlm.nih.gov/)
and MetaboAnalyst 3.0 (ref. 24) (http://www.MetaboAnalyst.ca/)
based on the Homo sapiens (human) pathway library.

SLC self-renewal ability assay

The self-renewal ability of SLCs exposed to differentially
expressed metabolites (p < 0.05, fold change > 2) was evaluated
by a sphere formation assay, limiting dilution assay and
Western blotting. Cell spheres were dissociated and seeded into
six-well plates, and metabolites were then added to the SLC
culture medium, including xanthosine (600 ng mL™"), ADP (60
ng mL "), tryptophan (75 pug mL "), kynurenine (400 ng mL™ "),
1-formylkynurenine (1200 ng mL™"), NAD (80 pg mL ™), gluta-
thione (12 pg mL™"), and GMP (300 ng mL™"). The cells were
supplemented with fresh medium. In the control group, the
cells were cultured normally without adding metabolites. For
the sphere formation assay, after 5 days, the spheres with
a diameter larger than 50 pm were counted in each well under
an inverted microscope. Phase-contrast photomicrographs of
SLCs were also taken. The limiting dilution assay was per-
formed as described previously.”® After 12 days, the percentage
of wells that did not contain spheres (diameter = 50 pum) for
each cell plating density was calculated.
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Western blotting was performed as described previously.>®
According to standard procedures, cells were lysed in TNTE
buffer in the presence of 4 protease inhibitors. Subsequently,
the lysates were subjected to SDS-PAGE, and the proteins were
separated under denaturing conditions. A semi-dry gel transfer
device was then used to transfer the proteins to nitrocellulose
membranes. Finally, an ECL reagent was used to detect the
bound antibodies. The following antibodies were used: anti-
NESTIN (1:2500, Millipore), anti-CD133 (1 :200, Miltenyi),
anti-OCT4 (1 : 500, Abcam) and anti-SOX2 (1 : 500, Abcam). B-
Actin (1 : 500, Peprotech) was used as an internal control.

Results and discussion
Metabolic profiling

Metabolomics studies typically take a relatively long time from
sample preparation to the completion of the LC-MS data
acquisition. Therefore, the QC samples were adapted to
monitor and evaluate the stability of the analysis. In total, fifty-
four cell extracts (18 parallel biological samples for each cell
type) and eleven QCs were analyzed. The total ion chromato-
grams (TICs) of different cell samples are shown in ESI Fig. S2.7
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The PCA scatter plots (95% confidence interval), peak area
deviations of QCs (<2 SD), and majority retention time deviation
profiles (R-software) of all samples (<10 s for ESI+, <20 s for
ESI-) indicated that the data were stable and reproducible
throughout the analysis and that any differences were derived
from the samples themselves instead of technical errors
(Fig. S3-S51). A total of 9758 and 7701 features were detected in
the positive and negative ion modes, respectively. The data sets
were then imported into SIMCA-P for MVDA. A PCA was initially
performed on the LC-MS data sets to obtain the natural clus-
tering trend for the three types of glioma cells. As shown in
(Fig. 1A and B), apparent clustering and separation were
observed among the cell lines in both ion modes.

To further investigate the differences observed in each
comparison of two cell lines and to identify more reliable
differential variables, OPLS-DA was subsequently applied. The
OPLS-DA score plots of the LC-(+) ESI-MS data showed a marked
discrimination of metabolic phenotypes when comparing GCs
vs. SLCs and SLCs vs. SLCDCs (Fig. 1C and D). The quality of the
models was first described by R*(Y) and Q*(cum) values. For the
GC vs. SLC model, R*(Y) = 99.5% and Q*(cum) = 98.2%; for the
SLC vs. SLCDC model, R*(Y) = 99.1% and Q*(cum) = 96.5%.
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re plots based on the LC-(+) ESI-MS (A) and LC-(—) ESI-MS (B) data sets,

OPLS-DA score plots (C and D) and plots of the permutation tests of the PLS-DA models (E and F) based on the LC-(+) ESI-MS data sets. GCs vs.
SLCs (C and E), SLCDCs vs. SLCs (D and F), (green @) GCs, (red A) SLCs, (purple l) SLCDCs.
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Table 1 Differential cell metabolites among U87 malignant glioma cells (GCs), U87 malignant glioma stem like cells (SLCs) and U87 malignant
glioma stem-like cells differentiation cells (SLCDCs)“

GC/SLC SLCDC/SLC
No. Metabolite m/z value Chemical formula VIP P FC VIP P FC
1 Kynurenine®? 208.0848 C10H1,N,0; 3.39 <0.001 58.84
2 L—Formylkynureninea’2 236.07971 C11H15N,0, 2.34 0.0097 24.55
3 Stearoylcarnitine” 428.3734 C,5H40NO, 2.44 <0.001 15.53
4 Propionylcarnitine2 217.1314 C1oH1oNO, 3.42 0.0049 13.95
5 Gamma-Glu-Leu? 260.13722 C11Hy0N,05 2.89 <0.001 7.85
6 Acetylcarnitine®? 203.11576 CoH;,NO, 2.18 0.0018 6.97
7 L-Carnitine®? 161.10519 C,H,5NO; 3.98 <0.001 6.41
8 Tetraldecamoylcarnitine2 371.3036 C,1H41NO, 2.09 0.0044 5.02
9 NAD*? 663.1091 C,1H,,N,0,,P, 2.84 <0.001 3.71
10 LPC (18 : 0)2 523.36379 Cy6H54NO,P 7.53 <0.001 3.36
11 Pantothenic acid™? 219.1107 CoH;,NOs 6.49 0.0179 2.9
12 LPE (18 : 0)2 481.31684 Cy3H sNO,P 4.21 0.0016 2.04
13 Glutathione™? 307.08381 C10H,7,N;06S 5.43 <0.001 1.92
14 Hypoxanthine®? 136.03851 CsH,N,0 2.6 0.0331 0.68
15 Xanthosine™! 284.07568 C10H15N,06 3.2 <0.001 37.38
16 XMP* 364.04201 C1oH13N4O0P 3.39 <0.001 33.98
17 LPC (15 : 0)*? 481.31684 C,3H,sNO,P 2.95 <0.001 21.13
18 Oxidized glutathione™* 612.15196 Cy0H3,N601,5S, 2.99 <0.001 14.65
19 trans-2-Hexadecenoyl-carnitine1 397.31921 C,3H,43NO, 2.5 <0.001 9.51
20 Spermidine™’ 145.1579 C,H, 4N, 6.71 0.0019 3.97
21 ADPM! 427.02941 C10H15N50;0P, 5.5 0.0394 3.83
22 N-Oleoylethanolamine® 325.29808 C,oHj3oNO, 2.11 <0.001 3.79
23 LPC (14 : 0)' 467.30119 C,,H4NO,P 4.04 0.0158 2.9
24 trans-Cinnamic acid®* 148.05243 CoHO, 2.04 <0.001 2.44
25 LPC (20 : 1)" 549.37944 C,gH5sNO,P 2.53 <0.001 2.16
26 L-Proline™* 115.0633 CsHoNO, 3.35 <0.001 1.28
27 valine®! 117.079 C;H,,NO, 2.96 <0.001 0.8
28 2-Hydroxycinnamic acid®" 164.0473 CoHgO3 2.2 <0.001 0.64
29 t-Leucine®! 131.0946 C¢H,:NO, 6.57 <0.001 0.59
30 IMP*! 348.0471 C;0H13N,04P 3.59 <0.001 0.29
31 p-Glucose 6-phosphate™* 260.02972 CeH150,P 2.41 <0.001 0.12
32 LPC (22 : 6)"? 567.33249 C30Hs5,NO,P 2.54 <0.001 35.53 2.08 <0.001 15.24
33 Pentanoylcarnitine? 24516271 C1,H,3NO, 3.94 <0.001 20.07 415 0.0026 16.47
34 L-Palmitoylcarnitine®? 399.33486 C,3H45NO, 418 <0.001 13.59 3.63 <0.001 7.25
35 Oleoylcarnitine®? 425.35051 C,sH,,NO, 5.3 <0.001 12.35 2.99 0.0017 3.53
36 Guanosine®'? 283.09167 C10H13N505 3.52 <0.001 11.09 2.67 <0.001 4.4
37 Methionine sulfoxide®'? 165.04596 C;H,,NO;S 5.62 <0.001 10.64 2.9 <0.001 3.76
38 Guanine®'? 151.0494 CsH5N;O 3.87 <0.001 9.5 3.09 0.0389 41
39 Pyrrolidonecarboxylic acid®™? 129.04259 C5H,;NO; 4.93 <0.001 7.25 3.96 0.0014 4.41
40 Creatine®'? 131.0695 C,HyN;0, 7.76 <0.001 6.74 5.57 0.0017 3.53
41 GMP>Y? 363.058 C,0H1,N5O4P 5.29 <0.001 6.73 2.67 <0.001 2.4
42 UMP? 324.0359 CoH;;N,00P 4.21 <0.001 5.26 2.06 0.0063 6.31
43 N-Acetyl-p-glucosamine™ 221.0899 CgH,5NOg 5.65 <0.001 5.18 13.34 <0.001 16.15
44 Choline®'? 104.1075 CsH;3NO 10.31 <0.001 4.14 5.01 0.0466 1.61
45 L-Tryptophan®'+? 204.08988 C,1H,,N,0, 7.36 <0.001 3.29 6.39 <0.001 2.21
46 Indoleacrylic acid®? 187.0633 C,,HoNO, 8.44 <0.001 3.2 7.47 <0.001 2.23
47 Glycerophosphocholinel’2 257.10282 CgH,oNOGP 3.34 <0.001 2.78 3.77 <0.001 2.99
48 5'-Methylthioadenosine™* 297.08956 C11H;5N50,S 6.58 <0.001 2.63 5.38 <0.001 1.79
49 Phenylalanine®"> 165.07898 CoH,;NO, 15.7 <0.001 2.34 15.99 0.0029 1.97
50 UDP-N-acetyl-glucosamine- 607.08157 C,,H,,N;0;,P, 16.36 <0.001 2.15 29.66 <0.001 4.43
51 Pantothenic acid®"? 219.11067 CoH,,NO; 3.4 <0.001 1.63 9.79 <0.001 3.92
52 LPE (18 : 1)>"? 479.3012 C,3H46NO,P 4.7 0.0144 1.63 2.36 <0.001 0.59
53 UDP-glucose™"? 566.05502 C15H,4N,04,P, 2.62 <0.001 0.47 2.67 <0.001 1.73
54 L-Tyrosine®? 181.07389 CoH,,NO; 3.33 <0.001 0.38 2.59 0.0408 0.66
55 N;-Acetylspermine™ "> 244.22631 C1,H,5N,0 3.19 <0.001 0.03 2.46 0.0019 2.83
56 N;-Acetylspermidine? 187.1685 CoH,,N;0 13.89 <0.001 0.02 10.24 <0.001 0.57

¢ All metabolites were identified through database matching. Those marked with “a” were validated by authentic standards, those in italic type were
identified in negative ion mode, while the others were identified in positive ion mode. The superscript 1,2 represent differential metabolites
identified between GC/SLC and SLCDC/SLC, respectively. VIP was obtained from the OPLS-DA model. The P value was calculated by Student's ¢
test. FC (fold change) was obtained from the ratio of average mass response (normalized peak area) among the three types of cells (where
a value >1 means that the average mass response of the metabolite in the first cell type is larger than that in the second type).
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Similarly, the OPLS-DA model of the LC-(—) ESI-MS data are
shown in ESI (Fig. S6A and Bt). For the GC vs. SLC model,
R*(Y) = 98.7% and Q*(cum) = 96.7%; for the SLC vs. SLCDC
model, R*(Y) = 98.7%, Q*(cum) = 97.7%. The R*(Y) and
Q*(cum) values were close to the optimal value of 1, indicating
that all models had a good fitness and predictive ability of all
models. To prevent model overfitting, permutation tests were
further performed. Through 999 random permutations, the
intercepts of R* and Q? for the positive ion mode data (Fig. 1E
and F) and negative ion mode data (Fig. S6C and D¥) indicated
that the corresponding OPLS-DA models could reliably
explain and predict the observed variations. Based on the
OPLS-DA results, metabolites that were statistically signifi-
cantly different in each comparison of two groups were filter
out according to a threshold of VIP values (VIP > 2), an inde-
pendent ¢-test (p < 0.05) and an intensity fold-change of at
least 1.2 (up or down).

To further validate the reliability of the screened metabo-
lites, independent validation tests based on an LC-MS/MS tar-
geted metabolomics analysis were performed. The typical XICs
of the LC-MS/MS MRM analysis are shown in Fig. S7.f An
independent ¢-test was performed in succession, and variables
without significant differences between the groups (p > 0.05)
were eliminated. Finally, 102 variables from the positive ion
mode data and 66 variables from the negative ion mode data
were obtained from the comparison of GCs and SLCs, while 119
variables from the positive ion mode data and 51 variables from
the negative ion mode data were obtained from the comparison
of SLCs and SLCDCs.

View Article Online
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Differential metabolites

Differential metabolites were identified based on our previously
described strategy.””*® As a result, 55 differential metabolites
were identified from the three types of glioma cells (Table 1),
including thirteen amino acids and derivatives, eight carboxylic
acids and derivatives, nine carnitines, eight glycer-
ophospholipids, ten nucleosides, five hydrocarbon derivatives,
and two purines and purine derivatives. Of all these, thirty-
seven metabolites were confirmed using standard
compounds. The detailed information of the identified differ-
ential metabolites is shown in ESI Tables S1 and S2.f

Seventeen significantly changed differential metabolites were
uniquely observed in the comparison of GCs and SLCs. This
comparison identified increases in the levels of some nucleo-
sides (xanthosine, XMP) and glycerophospholipids (LPC (15 : 0),
LPC (14:0), LPC (20: 1)) as well as in the levels of oxidized
glutathione, while it also identified nucleosides with decreased
levels (IMP, p-glucose 6-phosphate). Fourteen significantly
changed differential metabolites were uniquely observed in the
comparison of SLCDCs and SLCs, including increased amino
acids (kynurenine, r-formylkynurenine) and carnitines (stear-
oylcarnitine, propionylcarnitine, acetylcarnitine, r-carnitine,
tetradecanoylcarnitine), while only hypoxanthine was decreased.
Additionally, twenty-five overlapping metabolites contributed to
the distinctions among the three cell types. These metabolites
not only reflect alterations in the metabolic phenotype but could
also improve the understanding of the mechanisms involved in
the self-renewal and differentiation of glioma stem-like cells.

A hierarchical cluster analysis of the metabolites in the
investigated cell lines is shown in Fig. 2, depicting the changes

§BREBEEREERC0E0EEREEREE

%ﬁfﬁ%ﬁﬁ%ﬁ

Fig.2 Hierarchical cluster analysis of identified differential metabolites in GC, SLC and SLCDC glioma cell lines. The metabolites were clustered,
and shades of green and red represent down-regulation or up-regulation, respectively, of a metabolite in GCs and SLCDCs compared to SLCs
(the row on the right lists the metabolites, and the column on the top indicates the cell lines; green: GCs, red: SLCs, purple: SLCDCs).
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of these metabolites in GCs and SLCDCs compared with SLCs.
Shades of green and red represent a decreased or increased fold
change, respectively, of a metabolite in GCs or SLCDCs relative
to SLCs. Significant hierarchical clustering groups were
observed among the cells.

Alterations in metabolic pathways

The metabolite profiles of GCs and SLCDCs were compared to
that of SLCs, and both exhibited ten times higher levels of seven
metabolites. The levels of guanosine, oxidized glutathione,
pentanoylcarnitine, LPC (15 : 0), XMP, LPC (22 : 6) and xan-
thosine were higher in GCs than in SLCs, while the levels of
propionylcarnitine, LPC (22 : 6), stearoylcarnitine, N-acetyl-n-
glucosamine, pentanoylcarnitine, r-formylkynurenine and
kynurenine were higher in SLCDCs than in SLCs (all marked in
red, Fig. 3A and B). The differences in the overlapping metab-
olites among the three cell types are depicted in ESI Fig. S8.f
Based on an analysis using KEGG, PubMed and Metab-
oAnalyst 3.0, several key metabolic pathways that were altered
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in the three types of glioma cells are shown in Fig. 3C and D.
The impact-value threshold calculated from the pathway
topology analysis was set to 0.10. Seven pathways significantly
perturbed between SLCs and GCs were identified as potential
self-renewal pathways of glioma stem-like cells, including
purine metabolism, phenylalanine metabolism, pantothenate
and CoA biosynthesis, arginine and proline metabolism, starch
and sucrose metabolism, amino sugar and nucleotide sugar
metabolism and tryptophan metabolism. Six pathways altered
between SLCDCs and SLCs were identified as potentially related
to the differentiation of glioma stem-like cells, including tryp-
tophan metabolism, phenylalanine metabolism, glutathione
metabolism, pantothenate and CoA biosynthesis, starch and
sucrose metabolism and amino sugar and nucleotide sugar
metabolism.

Biological validation

The self-renewal ability of SLCs exposed to differential metabolites
xanthosine, ADP, tryptophan, kynurenine, r-formylkynurenine
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Fig. 3 Profiles of significantly altered metabolites and pathways in GCs vs. SLCs (A and C) and SLCDCs vs. SLCs (B and D).
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NAD, GSSG and GMP (p < 0.05, fold change > 2) was evaluated by
a sphere formation assay, limiting dilution assay and Western
blotting. In the sphere formation assay, xanthosine and kynur-
enine markedly inhibited the neurosphere formation ability of
SLCs (Fig. 4A). Similar results were observed with other metabo-
lites and are shown in ESI Fig. S10.1 The results of the limiting
dilution assay are shown in (Fig. 4B) and ESI Fig. S11,} demon-
strating that the addition of 8 differentially expressed metabolites
repressed SLC self-renewal. Western blot analyses showed that
these metabolites down-regulated stemness markers such as
NESTIN, CD133, OCT4 and SOX2 in SLCs (Fig. 4C), which indi-
cated that these metabolites contributed to the self-renewal
process in SLCs.

Biological interpretation

On the basis of the above findings, an integrative view plot of
the perturbed metabolites and metabolic pathways is shown in
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Fig. 5, which involved 39 differential metabolites and 5 relevant
metabolic pathways. The key pathways involved in the self-
renewal and differentiation of GSCs are discussed below.

Down-regulation of nucleotide metabolism in SLCs

Nucleotides have been associated with various types of cancer
due to the regulated cell turnover rate*>*" and also increase in
glioma during apoptosis.*' In gliomas there are large variations
in the activities of enzymes involved in both purine and
pyrimidine metabolism, and some sensitive targets in purine
and pyrimidine metabolism have recently been identified for
chemotherapeutic treatment of malignant tumors.**** The
differentiation of a neural stem cell/neural progenitor cell into
a neuron, astrocyte, or oligodendrocyte is associated with
numerous transcriptional changes, including at genes associ-
ated with metabolism and energy sensing.** In this study,
several nucleotide metabolites were altered among the three
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Fig. 4 Self-renewal ability assay of SLCs exposed to differential metabolites. (A) Sphere formation assay. Left panel: Phase-contrast photomi-
crographs of SLCs treated with xanthosine and kynurenine (bar = 100 um, left; bar = 50 pm, right). Right panel: Sphere formation assay of SLCs
treated with xanthosine and kynurenine; neurospheres with diameters larger than 50 um were counted. The values shown are the means + SD of
at least 3 independent experiments. (B) Limiting dilution neurosphere assay. (C) Western blotting.
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types of glioma cells. XMP, xanthosine and ADP were signifi-
cantly down-regulated in SLCs relative to GCs, whereas IMP and
hypoxanthine were up-regulated. Although GMP, guanosine,
guanine and UMP showed same trends in the GC/SLC and
SLCDC/SLC comparisons, the fold-changes in the former are
larger than those in the latter, indicating the enhanced nucle-
otide metabolism in GCs. Thus our observations agree with that
stem cells have to ensure genomic stability during its self-
renewable.

This journal is © The Royal Society of Chemistry 2017

Impaired glycerophospholipid metabolism in SLC self-
renewal

Glycerophospholipids are key components of the cell
membrane, serving as energy source to support the prolifera-
tion of cancer cells. LPCs can hydrolyze into fatty acids and then
disintegrate in the mitochondrial matrix to produce energy
through B-oxidation, a process that generates acetyl-CoA while
producing ATP. Previous investigations have demonstrated that
the accumulation of reactive oxygen species (ROS) reduces the
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PC, PE and GSH levels, while their oxidized forms LPCs, LPEs
and GSSG are greatly increased.**® In this study, 8 glycer-
ophospholipids were identified, including 6 glycer-
ophosphocholines (LPCs) and 2 glycerophosphoethanolamines
(LPEs). Most of the glycerophospholipids identified were up-
regulated in GCs compared to SLCs, indicating impaired glyc-
erophospholipid and energy metabolism in SLC self-renewal.

Redox regulation in SLC stemness maintenance

Glutathione is biosynthesized from glutamate, cysteine, and
glycine and exists in two forms, the reduced form (GSH) and
oxidized form (GSSG), as a major redox buffer within the cell
that is essential for maintaining homeostasis. Glutathione plays
important roles in cellular functions including gene expression,
DNA and protein synthesis, cell differentiation, proliferation,
apoptosis, signal transduction, and the immune response.
Glutathione also acts as a reducing agent and an antioxidant
protecting cells from ROS,*”** through the following reaction:
2GSH + R-O-OH — GSSG + H,0 + R-OH. Therefore, decreased
GSH or a low GSH/GSSG ratio are commonly associated with
various pathological conditions as an effect of oxidative stress.*
Among the three types of glioma cells, SLCs exhibited the lowest
level of GSSG and the highest GSH/GSSG ratio. This ratio was
12.85 and 1.56 times higher in SLCs than in GCs and SLCDCs,
respectively. This indicates that stem cells contain lower levels
of ROS compared to the other two cell types. To validate this
metabolic change, the levels of intracellular ROS were deter-
mined according to the described protocols, and the ROS trend
is consisting with the metabolomics results (Fig. S971). Indeed, it
has been reported that CSCs contain lower levels of ROS than
their more mature progeny, which is likely due to oxidative
stress occurring during differentiation.*”*' In addition, the
intracellular oxidation state of glial precursor cells regulates the
balance between self-renewal and differentiation.** Therefore,
this pathway may have potential for development as an adjuvant
therapy to eradicate CSCs by increasing ROS production to
induce differentiation.

Metabolic responses of carnitines to SLC self-renewal and
differentiation

L-carnitine and acylcarnitines levels were significantly higher in
both GCs and SLCDCs compared to SLCs. Interestingly, the
augmented levels of r-carnitine, propionylcarnitine, stear-
oylcarnitine, acetylcarnitine and tetradecanoylcarnitine were
only observed in SLCDCs, up-regulated trans-hexadec-2-enoyl
carnitine was only found in GCs, while the common altered
pentanoylcarnitine, oleoylcarnitine and vr-palmitoylcarnitine
showed higher level in GCs than SLCDCs. The up-regulated
metabolites found in this study are associated with major bio-
functions such as (1) the transfer of long-chain fatty acids from
the cytoplasm into the mitochondria matrix to undergo pB-
oxidation, (2) facilitating the movement of the peroxisomal B-
oxidation product acetyl-CoA into the mitochondria for oxida-
tion,** (3) assisting in the removal of short-chain and medium-
chain fatty acids from mitochondria,* and (4) acting as
a component of lipid catabolism and membrane integrity/
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stability. Various disorders are also characterized by the
production and excretion of unusual acylcarnitines.***” The
elevated levels of carnitine and acylcarnitines in GCs and
SLCDCs might be due to the increase in fatty acid f-oxidation in
mitochondria and the production of energy to promote rapid
cell growth and neuronal differentiation, which is critical for
the expanding energetic demands of differentiated progeny
cells. The metabolic signatures of carnitines suggest that
different carnitine metabolic pathways are involved in SLC self-
renewal and differentiation.

Enhanced tryptophan metabolism in SLC differentiation

As an essential amino acid required for the biosynthesis of
proteins, tryptophan degradation occurs via two biochemical
pathways, the kynurenine (Kyn) pathway and the serotonin (5-
HT) pathway. The Kyn pathway is the major route of tryptophan
catabolism and processes approximately 99% of ingested tryp-
tophan not used for protein synthesis.** In the Kyn pathway,
tryptophan oxidation can be catalyzed by indoleamine-2,3-
dioxygenase (IDO) or tryptophan-2,3-dioxygenase (TDO) to yield
N-formylkynurenine, which is subsequently hydrolyzed to Kyn,
finally resulting in the production of NAD and other neuroactive
intermediates.* Previous studies have shown that the Kyn
pathway plays a role in neurological diseases, tumor prolifera-
tion, inflammation and depression. The significant up-regulation
of the metabolites of tryptophan in SLCDCs suggests that the Kyn
pathway is a promising target for therapeutic development.

Conclusions

The present study is the first metabolomics study focused on
metabolic signatures of glioma stem-like cells. The combination
of untargeted and targeted metabolomics approach was used to
investigate differentially expressed metabolites among cell lines
with different stemness. The biochemical significance of meta-
bolic alterations was explored according to known metabolic
pathways. Then we obtained a comprehensive view of
biochemical alterations and their functional metabolic connec-
tivity. The altered nucleotide metabolism, glycerophospholipid
metabolism, glutathione metabolism, carnitine metabolism and
tryptophan metabolism all participate in or are related to
mitochondrial dynamics and energy metabolic pathways,
including the tricarboxylic acid cycle and oxidative phosphory-
lation. Therefore targeting of these metabolic pathways would
facilitate an understanding of the mechanisms of self-renewal
and differentiation of U87MG SLCs. Our study suggests the
feasibility of using cell metabolomics for the biochemical
mechanism elucidation. Further investigations based on inte-
gration of metabolomics and other omics are attractive to reveal
the unique metabolic network within SLCs, to understand how
metabolism contributes to SLC self-renewal and differentiation,
and to develop novel treatment to fight gliomas.
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