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Purpose: Glioblastoma (GBM) is an aggressive central nervous system (CNS) cancer and
a serious threat to human health. The long noncoding RNA (IncRNA) HULC has been
implicated in GBM, but the molecular mechanism is uncertain. This study used quantitative
proteomic analysis for global identification of HULC-regulated proteins in glioblastoma cells
and identification of potential biomarkers.

Materials and Methods: qRT-PCR was used to determine the expression of HULC in U87
cells stably transfected with HULC or an empty vector (control). The CCK-8 assay, transwell
assay, and wound-scratch assay were used to measure cell proliferation, invasion, and
migration. Quantitative proteomics using Tandem Mass Tag (TMT) labeling, high-
performance liquid chromatography (HPLC) fractionation, and liquid chromatography—
mass spectrometry (LC-MS/MS) analysis were used to identify differentially expressed
proteins (DEPs). Screened proteins were validated by parallel reaction monitoring (PRM)
and Western blotting.

Results: Overexpression of HULC led to increased cell proliferation, invasion, and migra-
tion. HULC overexpression also led to significant upregulation of 37 proteins and down-
regulation of 78 proteins. Bioinformatics analysis indicated these proteins had roles in
cellular component, biological process, and molecular function. PRM results of 8 of these
proteins (PTK2, TNC, ITGAV, LASP1, MAPK14, ITGA1, GNA13, RRAS) were consistent
with the LC-MS/MS and Western blotting results.

Conclusion: The results of present study suggest that IncRNA HULC promotes GBM cell
proliferation, invasion, and migration by regulating RRAS expression, suggesting that RRAS
may be a potential biomarker or therapeutic target for this cancer.

Keywords: glioblastoma, LncRNA HULC, quantitative proteomics, PRM

Introduction
Glioblastoma (GBM) is a grade IV glioma that accounts most gliomas and is one of
the most common and malignant brain tumors in adults."* The clinical outcomes
for GBM patients have remained unsatisfactory because of disease relapse and late
diagnosis. Despite current treatments of surgical resection, radiotherapy, and che-
motherapy, the median survival of patients is less than 15 months.>* Thus, there is
an urgent need to identify novel targeted therapies that improve the survival of
these patients.

Long noncoding RNAs (IncRNAs) are RNAs that have more than 200 nucleo-
tides (nt) but do not code for proteins.”’ Increasing evidence suggests that
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IncRNAs have critical functions in a variety of biological
processes related to tumor growth, including cell cycle
regulation, cell proliferation, cell invasion, and the epithe-
lial-mesenchymal transition (EMT).*'® Highly Up-
regulated in Liver Cancer (HULC) is a IncRNAs that
was identified in 2007."" Subsequent studies showed that
this IncRNA also had high expression and played roles in
the pathogenesis of other malignancies, including lung
cancer,'? gastric cancer,® and colon cancer.'* We pre-
viously reported that IncRNA HULC was up-regulated in
GBM tissues and cell lines (SHG44 and U251) relative to
healthy brain tissues, and that its expression negatively
correlated with overall survival (OS) in these patients."
Zhu et al found that IncRNA HULC promoted angiogen-
esis by upregulating vascular endothelial growth factor
(VEGF) and endothelial cell-specific molecule-1 (ESM-
1) in GBM, and that inhibition of IncRNA HULC blocked
the cell cycle at the G1/S phase.'® These results indicated
that IncRNA HULC has an important role in the oncogen-
esis of GBM, and may also be useful for diagnosis.

The present study examined the potential role of IncRNA
HULC in GBM cells and whether IncRNA HULC upregula-
tion promotes the progression of GBM. Previous studies
have used proteomics strategies to examine the molecular
mechanism of IncRNAs because the proteome is directly
related to cell function and phenotype.'”'® Thus, we used
a quantitative proteomic approach consisting of liquid chro-
matography—mass spectrometry (LC-MS/MS) with labeling
by Tandem Mass Tags (TMT) to examine the effect of
IncRNA HULC overexpression in GBM cells. We also
used bioinformatics analyses to examine the many differen-
tially expressed proteins (DEPs) that appeared after HULC
overexpression and that may function in cancer-related sig-
naling pathways. We sought to confirm our DEP results using
parallel reaction monitoring (PRM) analysis, and used addi-
tional functional studies to examine the impact of HULC on
the expression of Ras-related protein (RRAS). Our general
purpose is to provide new insights regarding the mechanism
of HULC in GBM, and a theoretical basis for further in-depth
research and clinical targeted therapy.

Materials and Methods

Reagents and Materials

Dulbecco’s modified Eagle’s medium (DMEM) with high
glucose and fetal bovine serum (FBS) were obtained from
Biological Industries (Israel). TMT Mass Tagging Kits
were purchased from Thermo Fisher Scientific (Waltham,

MA, USA). lodoacetamide (IAA), dithiothreitol (DTT),
urea, ethylene diamine tetraacetic acid (EDTA), and tetra-
ethylammonium borohydride (TEAB) were obtained from
Sigma (St. Louis, MO, USA). Formic acid (FA) was
obtained from Fluka (Buches, Germany).

Cell Lines, Cell Culture and Cell

Transfection

The human GBM U87 cell line was purchased from China
Center for Type Culture Collection (Wuhan, China). The
cells were cultured in a DMEM high glucose medium
supplemented with 10% FBS and 1% penicillin/streptomy-
cin at 37°C in a 5% CO, incubator.

To produce U87 cell lines that stably overexpressed
IncRNA HULC, cells were transfected with a plasmid
using Lipofectamine 2000 (GenePharma, Shanghai, China)
according to the manufacturer’s instructions. Then, stable
cells were obtained through lentiviral packaging, virus
infection, and selection by puromycin. A kill curve test
indicated that the optimal concentration of puromycin was
2 to 3 pg/mL. U87 cells transfected with an empty vector
were used as mock controls. Overexpressed sequences of
IncRNA HULC were
(Shanghai, China). The efficiency was confirmed by quan-

synthesized by GenePharma

titative real-time reverse transcription-PCR (qRT-PCR).

Quantitative Real-Time Polymerase Chain

Reaction

The total RNA was extracted from transfected cells using the
TRIzol reagent (Invitrogen, USA). Complementary DNA
(cDNA) synthesis was performed using a Thermo Scientific
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, USA). qRT-PCR was performed using a Power
SYBR Green Master Mix (Applied Biosystems, USA) and
an ABI 7500 Fast Real-Time PCR System (Applied
Biosystems, USA). All data were quantified using the
27A2CT method. GAPDH was used as an internal reference,
and all experiments were performed 3 times.

Cell Proliferation, Invasion and Migration
The Cell Counting Kit-8 (CCK-8; Biosharp, China) assay
was used to evaluate cell proliferation. Transfected cells were
seeded on 96-well plates (2000 cells per well), and the CCK-
8 reagents were then added according to the manufacturer’s
instructions. A cell plate reader was used to measure absor-
bance at 450 nm after 24 h, 48 h, 72 h, and 96 h.
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Cell invasion was determined using the Transwell
assay. A total of 1x10° transfected cells were transferred
to the upper Matrigel-coated Transwell chamber (Corning
Incorporated, USA) with DMEM (no serum); DMEM
containing 10% FBS was added to the lower chamber.
After 48 h, non-invasive cells were removed, and the
remaining cells were fixed with 4% paraformaldehyde
for 30 min. Then, the fixed cells were stained with 0.1%
crystal violet and 5 randomly chosen microscopic fields
were scored to measure invasion of transfected cells.

Cell migration was determined using the wound-
scratch assay. Transfected cells were seeded at
a concentration of 3.5x10° cells/well in a 6-well plate,
and a pipette tip was used to make a straight scratch in
each well after the cells reached 100% confluence. The
scratch was recorded using an inverted microscope
(Olympus, Japan) equipped with a camera at 0 h, 24
h and 48 h. ImageJ] software was used to estimate the

wound area.

Western Blot Analysis

Total protein was extracted using a RIPA lysis buffer
(Beyotime Biotechnology, China) and quantitated using
a BCA Protein Assay Kit (Beyotime Biotechnology,
China). The primary antibody against RRAS was purchased
from Abcam (1:1000, ab191399) and a B-actin antibody was
used as an internal reference. After the membranes incubated
with the secondary antibody (Cell Signaling Technology,
USA), an electro-chemiluminescence (ECL) system
(Thermo Fisher Scientific, USA) was used for detection. At
least three independent replicates were performed.

Protein Extraction, Trypsin Digestion and
TMT Labeling

Cells were sonicated three times on ice (4 to 6 s each)
using a high intensity ultrasonic processor (Scientz, China)
in a lysis buffer (8 M urea, 1% protease inhibitor cocktail,
2 mM EDTA). Remaining cell debris were removed by
centrifugation at 12,000 g at 4°C for 10 min, the super-
natant was collected, and the protein concentration was
determined using the BCA kit according to the manufac-
turer’s instructions.

For digestion, the protein solution was first reduced
with 5 mM dithiothreitol (30 min at 56°C) and then incu-
bated with 11 mM iodoacetamide (15 min at room tem-
perature in darkness). The protein sample was then diluted
so that the urea concentration was less than 2 M. Finally,

the proteins were digested overnight at 37°C with trypsin
using a trypsin: protein ratio of 1:50, and then at a ratio of
1:100 for an additional 4 h.

After trypsin digestion, peptides were desalted using
a Strata X C18 SPE column (Phenomenex) and vacuum-
dried. The peptides were reconstituted in 0.5 M TEAB and
processed using the TMT kit according to the manufacturer’s
protocol. Briefly, one unit of TMT reagent was thawed and
reconstituted in acetonitrile, the peptide mixtures were incu-
bated for 2 h at room temperature, and the mixture was then
pooled, desalted, and dried by vacuum centrifugation.

High-Performance Liquid

Chromatography (HPLC) Fractionation
The tryptic peptides were fractionated using high-pH
reverse-phase HPLC with an Agilent 300 Extend C18
column (5 um particles, 4.6 mm ID, 250 mm length).
Briefly, peptides were first separated with a gradient of
8% to 32% acetonitrile (pH 9.0) over 60 min into 60
fractions. Then, the peptides were combined into 9 frac-
tions and dried by vacuum centrifugation.

Liquid Chromatography—Mass
Spectrometry (LC-MS/MS) Analysis

The peptides were dissolved in solvent A (0.1% formic
acid and 2% acetonitrile) and separation was performed
using an EASY-nLC 1000 system (Thermo Fisher
Scientific, USA). Solvent B contained 0.1% formic acid
and 90% acetonitrile, and the liquid phase gradient setting
was: 0 to 30 min: 8 to 6% B; 30 to 55 min: 16 to 30% B;
55 to 57 min: 30 to 80% B; 57 to 60 min: 80% B. The flow
rate was a constant 400 nL/min.

The peptides were separated using ultra-performance
(UPLC)
a nanoelectrospray ion (NSI) source followed by mass spec-

liquid chromatography and subjected to
trometry (MS) in Orbitrap Fusion Lumos system (Thermo
Fisher Scientific, USA). The electrospray voltage was 2.0 kV,
and the peptide precursor ions and secondary fragments were
detected and analyzed using the high-resolution Orbitrap.
The m/z scan range was 350 to 1550 for an MS scan at
a resolution of 60,000, and the MS/MS scan range had
a fixed starting point of 100 m/z and resolution of 15,000.
The data acquisition mode used a data-dependent scanning
(DDA) program. The 20 major precursor ions with the high-
est signal intensity were selected to enter the HCD collision
cell, and 32% of the fragmentation energy was used for

fragmentation after the MS scan. Sequential MS/MS was
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also performed. To improve performance, the automatic gain
control (AGC) was set at SE4, the signal threshold at 50,000
ions/s, the maximum injection time at 70 ms, and the
dynamic exclusion time for tandem mass spectrometry at
30 s (to avoid repeated scans of the precursor ion).

Database Searches

The resulting MS/MS data were processed using the
Maxquant search engine (v.1.5.2.8). For proteome analy-
sis, tandem mass spectra were searched against SwissProt
Human database (which contains 20,317 sequences) that
was concatenated with a reverse decoy database. At the
same time, a database of common contaminants was added
to eliminate the influence of contaminating proteins in the
identifications. Trypsin/P was specified as a cleavage
enzyme, and up to 2 missing cleavages were allowed.
The mass tolerance for precursor ions was 20 ppm in the
first search and 5 ppm in the main search, and the mass
tolerance for fragment ions was 0.02 Da. Alkylation of
Cys was specified as a fixed modification, and oxidation of
Met and acetylation of the N-terminus as variable modifi-
cations. The quantitative method was set to TMT-6plex,
and the thresholds used for the false detection rate (FDR)
in protein identification and the peptide-to-spectrum match
(PSM) were below 1%.

Bioinformatics Analysis

The Gene Ontology (GO) annotation proteome was derived
from the UniProt-GOA database (http://www.ebi.ac.uk/
GOA). Any identified proteins not annotated by this database
were analyzed using InterProScan software to annotate the

GO function based on sequence alignment. Then, proteins
were classified by GO annotation into three categories: bio-
logical process, cellular component, and molecular function.
Subcellular localization was predicted using WoLF PSORT
software. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) database was used to annotate protein pathways.
Functional enrichment analysis of identified proteins was
used with Fisher’s two-tailed exact test to determine statis-
tical significance. A GO and pathway with a corrected
p-value below 0.05 was considered significant.

PRM Analysis

The peptide samples were prepared for PRM using the
results of whole-cell proteome analysis described above.
Cells were sonicated 3 times on ice (4 to 6 s each) using
a high intensity ultrasonic processor in a lysis buffer (8

M urea, 1% Triton-100, 10 mM dithiothreitol, 1%

protease inhibitor cocktail). Cell debris were removed
by centrifugation at 20,000 g at 4 °C for 10 min.
Finally, proteins were precipitated using cold 20%
TCA for 2 h at =20 °C. After centrifugation at 12,000
g at 4 °C for 10 min, the supernatant was discarded and
the remaining precipitate was washed 3 times with cold
acetone. The protein was redissolved in 8 M urea, and
protein concentration was determined using a BCA kit
according to the manufacturer’s instructions. Proteins
were alkylated and digested as described above. The
tryptic peptides were dissolved in 0.1% formic acid
(solvent A) and directly loaded onto a home-made
reversed-phase analytical column. Solvent B consisted
of 0.1% formic acid in 98% acetonitrile and increased
from 6% to 23% for 38 min, 23% to 35% for 14 min,
80% for 4 min, and was then held at 80% for an
additional 4 min. The flow rate was a constant 700
nL/min on an EASY-nLC 1000 UPLC system.

The peptides were subjected to the NSI source fol-
lowed by tandem mass spectrometry (MS/MS) in
Q Exactive™ Plus (Thermo) system that was coupled
online to the UPLC. The electrospray voltage was 2.0
kV, the m/z scan range was 350 to 1000 (full scan), and
intact peptides were detected in the Orbitrap at
a resolution of 35,000. Peptides were then selected for
MS/MS using a normalized collision energy (NCE) of
27, and the fragments were detected in the Orbitrap at
a resolution of 17,500. A data-independent procedure
alternated between one MS scan followed by 20 MS/
MS scans. The AGC was 3E6 for full MS and 1E5 for
MS/MS. The maximum IT was 20 ms for full MS and
automatic for MS/MS. The isolation window for MS/
MS was 2.0 m/z.

The resulting MS data were processed using Skyline
(ver. 3.6). For peptide settings, the enzyme was Trypsin
[KR/P], and the maximum missed cleavage set was as 2.
The peptide length was 8 to 25, variable modification was
carbamidomethyl on Cys and oxidation on Met, and max
variable modifications were 3. For transition settings, the
precursor charges were 2 and 3, the ion charges 1 and 2,
and the ion types were b, y, and p. The product ions were
from ion 3 to last ion, the ion match tolerance was
0.02 Da.

Statistical Analysis

For all experiments, at least three independent replicates
were performed and data were analyzed using GraphPad
Prism 7 software (GraphPad, USA). The significance of
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differences between experimental groups was analyzed indicated that transfection with IncRNA HULC led to
using Student’s #-test, and a P-value below 0.05 was con-  significant upregulation of HULC (Figure 1A).
sidered significant.

Functional Effects of HULC

Results Overexpression

HULC Expression in Stably Transfected Previous studies reported upregulation of HULC in GBM
u87 Cells cell lines and tissues, but the mechanism and impact of
We constructed a gain-of-function model by transfecting HULC on GBM pathophysiology are still unclear. Thus,
U87 cells with IncRNA HULC and transfecting control ~we analyzed the effect of HULC overexpression on the
U87 cells with an empty vector. Our qRT-PCR results  proliferation of U87 cells using the CCK-8 assay. The results
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Figure | LncRNA HULC promoted the malignant behaviors of GBM cells.

Notes: (A) U87 cells were used to construct gain-of-function model, and the overexpression level of IncRNA HULC was detected by qRT-PCR. (B) Overexpressing HULC
promoted proliferation rates of U87 cells reflected by CCK-8 assay. (C-D) Overexpressing HULC promoted invasion of U87 cells reflected by Transwell assay. (E-F)
Overexpressing HULC promoted migration of U87 cells reflected by Transwell assay. Three independent experiments were performed. (P<0.05, Student’s t-test) (***P <
0.001, **P < 0.0001).

Abbreviations: LncRNA, long noncoding RNA; HULC, highly upregulated in liver cancer; qRT-PCR, quantitative reverse transcription polymerase chain reaction; CCK-8,
Cell Counting Kit-8.
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that
increased cell proliferation (Figure 1B). We performed the

showed overexpression of HULC significantly
transwell assay and the wound-scratch assay to evaluate the
effect of HULC on invasion and migration of these cells.
The results showed that cells with HULC overexpression
had significantly increased invasion (91.00 + 2.65 vs 254.30
+4.33, P < 0.05; Figure 1C and D) and more rapid wound
closure (ie, increased migration; Figure 1E and F). These
data indicate that HULC upregulation in U87 cells promoted

cell proliferation, invasion, and migration.

Screening of HULC-Regulated Proteins
Using Quantitative Proteomics

We further examined the molecular mechanism of IncRNA
HULC in regulating GBM by using quantitative proteomics
to profile the DEPs in cells with HULC upregulation. The
results of the LC-MS/MS analysis identified 5312 proteins,
and quantitative data were available for 4630 proteins. Cells
with upregulation of HULC had 115 proteins with signifi-
cantly altered expression (at least 1.5-fold increase or 0.67-

Control HULC
proteins

trypsin digestion

=

fold decrease, P < 0.05), with 37 upregulated proteins and 78
downregulated proteins (Figure 2).

Functional Classification and Annotation
of DEPs

We next evaluated the biological functions of these 115
DEPs by analysis of subcellular localization, Clusters of
Orthologous Groups/EuKaryotic Orthologous Groups
(COG/KOQG) functional classification, and GO analysis.
Analysis of subcellular localization showed that the
DEPs were widely distributed in the nucleus, cytoplasm,
plasma membrane, and extracellular space (Figure 3A).
COG/KOG classification indicated the top five functions
were signal transduction mechanisms, general function
prediction only, cytoskeleton, nucleotide transport, and
metabolism and extracellular structures (Figure 3B). GO
analysis and annotation classified these 115 proteins into
three categories: biological process, cellular component,
and molecular function. These results indicate that the
resulted by HULC participate

proteins in multiple
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Figure 2 Quantitative proteomic identification of HULC-regulated proteins in U87 cells.

Notes: (A) Workflow for quantitative proteomic identification of HULC-regulated proteins. (B) The Venn diagram showed the number of proteins quantified. (C) The
number of DEPs at different multiples. (D) The volcano plot showed the relationship between the up-regulated DEPs and down-regulated DEPs (>1.5-fold change).
Abbreviations: HULC, highly upregulated in liver cancer; DEPs, differentially expressed proteins.
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Figure 3 Subcellular localization, COG/KOG and GO analysis of DEPs to classify and annotate it.
Notes: (A) Subcellular localization of DEPs after HULC overexpression; (B) COG/KOG functional classification of DEPs after HULC overexpression; (C) GO analysis of

DEPs after HULC overexpression.

Abbreviations: HULC, highly upregulated in liver cancer; DEPs, differentially expressed proteins; COG/KOG, Clusters of Orthologous Groups/Clusters of orthologous

groups for euKaryotic complete genomes; GO, Gene Ontology.

foundational biological processes and have a wide range of
molecular functions (Figure 3C).

Functional Enrichment Analysis of
HULC-Interacting Proteins

We compared the correlation of differential protein functions
in cells with overexpression of HULC using clustering ana-
lysis based on GO enrichment. The results for biological
process indicated that the upregulated proteins were related
to fatty acid derivative transport, and the downregulated
proteins were related to nervous system development, regu-
lation of neural precursor cell proliferation, and regulation of
nervous system development (Figure 4A and B). The results
for analysis cellular components indicated that the upregu-
lated proteins were related to vesicle and the extracellular
region, and the downregulated proteins were related to the
plasma membrane and myofibrils (Figure 4C and D). The
results for molecular function indicated that the upregulated
proteins were related to oxidoreductase activity and catalytic
activity, and the down-regulated proteins were related to

actin binding and cytoskeletal protein binding (Figure 4E
and F). Moreover, KEGG pathway analysis demonstrated
that these 115 DEPs function in some fundamental biological
pathways, including regulation of the actin cytoskeleton, the
Ras signaling pathway, and the PI3K/Akt signaling pathway
(Figure SA and B). Taken together, these results suggest that
ncRNA HULC has important regulatory roles in multiple
fundamental biological processes of GBM cells.

Validation of Quantitative Proteomics

Results Using PRM and Western Blotting
We then performed PRM analysis to validate the DEPs
identified by quantitative proteomics.”’ We selected 10 pro-
teins for this analysis, and successfully quantitated and con-
firmed 8 proteins; 4 proteins were downregulated and 4 were
upregulated (Table 1). We selected these proteins for their
functional significance based on proteome analysis, and
included proteins such as RRAS, which are related to
tumor growth and invasion. The PRM and TMT-label quan-
tification results were highly consistent, and the PRM results
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Figure 4 GO enrichment analysis of the DEPs in response to IncRNA HULC overexpression in U87 cells.
Notes: A comprehensive bubble plot for enrichment analysis of the GO functional categories: (A-B) enrichment of biological process; (C-D) enrichment of cellular

compartment; (E-F) enrichment of molecular function.
Abbreviations: HULC, highly upregulated in liver cancer; DEPs, differentially expressed proteins; GO, Gene Ontology.

Discussion

There is substantial evidence that dysregulation of
IncRNAs promotes the tumorigenesis of multiple cancers,
including GBM, and increasing evidence suggests that that
IncRNA upregulation promotes GBM growth, apoptosis,

had good correlation with the proteomics results. Our
Western blotting examination of the expression of RRAS in
GBM U87 cells indicated that HULC overexpression led to
upregulation of this protein, corresponding to the quantitative

proteomics data (Table 1 and Figure 6).
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Figure 5 KEGG pathway enrichment analysis of DEPs in IncRNA HULC-overexpressed U87 cells.
Notes: A comprehensive bubble plot for enrichment analysis of the KEGG pathway: (A) Pathways enrichment of upregulated DEPs; (B) Pathways enrichment of

downregulated DEPs.
Abbreviations: HULC, highly upregulated in liver cancer; DEPs, differentially expressed proteins; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Table | Quantitative Results of Differentially Expressed Proteins by PRM and TMT-Label
Accession Protein Description Gene PRM fold P-value | TMT Fold
Number Name Change Change
Q05397 Focal adhesion kinase | OS=Homo sapiens OX=9606 PTK2 0.36 1.13E-04 | 0.75
P24821 Tenascin OS=Homo sapiens OX=9606 TNC 0.41 9.69E-05 | 0.74
P06756 Integrin alpha-V OS=Homo sapiens OX=9606 ITGAV 0.49 4.74E-04 | 0.69
Q14847 LIM and SH3 domain protein | OS=Homo sapiens OX=9606 LASPI 1.56 2.58E-03 | 1.45
Q16539 Mitogen-activated protein kinase 14 OS=Homo sapiens MAPK 14 1.33 6.57E-04 | 1.28
OX=9606
P56199 Integrin alpha-1 OS=Homo sapiens OX=9606 ITGAI 0.35 1.74E-02 | 0.72
Ql4344 Guanine nucleotide-binding protein subunit alpha-13 OS=Homo | GNAI3 2.13 8.00E-03 | 1.33
sapiens OX=9606
P10301 Ras-related protein R-Ras OS=Homo sapiens OX=9606 RRAS 1.69 2.76E-04 | 1.64

Notes: Accession number, Protein description, Organism (OS), Organism Taxonomy (Taxonomy ID, OX), parallel reaction monitoring (PRM) fold change, P-value and
Tandem Mass Tags (TMT) fold change are indicated. All differences are statistically relevant, P<0.05.

migration, and invasion.”'** Recent research indicated
that IncRNA HULC plays important roles in the tumor-
igenesis of multiple human cancers. In particular, IncRNA
HULC promotes lung squamous cell carcinoma by upre-
gulating the PTPRO/NF-kB signaling pathway®® and it
promotes the progression of osteosarcoma via the “spong-
ing” function of miR-215.%* Other research indicated that
downregulation of IncRNA HULC inhibited the prolifera-
tion, migration, and hormone secretion of GH3 cells in rat
pituitary adenomas by interacting with miR-130b, down-
regulating  FOXMI1, and suppressing the PI3K/AKT
pathways.”> Therefore, a systematic analysis of changes
in protein expression after IncRNA HULC overexpression

U87 cells 1.5+ .
o)
Control  * - 3
T 1.0
o
HULC - + 5
n
%
e
RRAS — - g 0.54
=
g
B-actin | - E— I o
& &

Figure 6 IncRNA HULC upregulated protein levels of RRAS in U87 cells.
Notes: Western blot analysis of RRAS protein level in U87 cells transfected with
HULC or empty vector (Control). (P<0.05, Student’s t-test) (**P <0.01).
Abbreviations: HULC, highly upregulated in liver cancer; RRAS, ras-related
protein.

can provide insight into the mechanism of its downstream
effects in GBM.

In the present study, we found that upregulation of
IncRNA HULC significantly promoted the proliferation,
migration, and invasion of GBM cells, consistent with our
previous study.'* However, the mechanisms underlying
these effects were heretofore unknown. Therefore, we
determined global proteome profiles of GBM cells that
had IncRNA HULC overexpression to screen for the
potential regulatory targets of this IncRNA. Our results
indicated the differential expression of 115 proteins in
U87 cells that had HULC overexpression. Bioinformatic
analyses indicated that many of these DEPs functioned in
biological processes, cellular components, molecular func-
tions, subcellular locations, and signaling pathways.

Our GO and KEGG pathway enrichment analysis indi-
cated that the DEPs identified here were enriched in sev-
eral fundamental molecular functions and biological
regulatory pathways, some of which are closely related
to the malignant phenotype. Analysis of subcellular loca-
tions showed that the DEPs were mainly in the cytoplasm
and nucleus. GO analysis showed that these DEPs were
associated with vesicles and extracellular regions and
functioned in catalytic activity and ion binding. KEGG
pathway analysis showed that the DEPs functioned in
a variety of important signaling pathways (MAPK signal-
ing and Ras signaling), in metabolic pathways, in regula-
tion of the actin cytoskeleton, in extracellular matrix
(ECM) -receptor interactions, and in conjunction with
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cell adhesion molecules. The ECM provides a niche for
tumorigenesis, in that it provides mechanical support and
mediates cell-microenvironment interactions.”® Genetic
alterations and epigenetic modifications of cancer cells
lead to abnormal regulation of cellular metabolic
pathways.”” Our activation of these signaling pathways
by IncRNA HULC allowed identification of the role of
this IncRNA in several important pathological responses
of GBM

proliferation.

cells, including migration, invasion and
Although we did not directly determine activation of
the PI3K/AKT pathway by overexpression of HULC, we
identified the presence of activation upstream and down-
stream of this pathway. Thus, our results are consistent
with the interpretation that IncRNA HULC regulates the
PI3K/AKT pathway, although we agree with Liu et al that
most studies of HCC diagnosis have examined small sam-
ples size, and the analyzing method even in same plat-
forms still varies.”® Activation of PI3K/AKT signaling
occurs in a variety of cancer cells, including GBM. Miao
et al concluded that PI3K/AKT signaling was the key
driver of abnormal cell proliferation, differentiation, and
invasion of GBM tumor cells.” Activation of AKT phos-
phorylates a variety of downstream targets, such as the
Bcl-2 family proteins and cyclin G1, which have important
effects on cell survival, proliferation, and apoptosis.*®
Our in-depth proteomics study focused on RRAS,
which was obviously upregulated in GBM cells that had
HULC overexpression. Our enrichment analysis suggested
that RRAS plays a regulatory role in biological functions
and pathways in GBM cells. Further, we confirmed the
identity of proteins with differential expression by PRM
and Western blotting, thus validating our quantitative pro-
teomics results. RRAS is a small guanosine triphosphate
hydrolase (GTPase) of the Ras family that regulates cell
survival and integrin activity,’' but is less well-
characterized than the classical RAS proteins (KRAS,
HRAS, and NRAS).*> The role of RRAS in cancer is
controversial, in that some researchers consider RRAS to
be a tumor suppressor> and others reported that it pro-
motes tumor cell proliferation, migration, and invasion.>*
RRAS may inhibit VEGF receptor activation and lead to
the normalization of tumor vasculature.** RRAS activates
the PI3K/AKT pathway and promotes tumor growth in
cervical epithelial cells.*®> Another study showed that
MAPK phosphorylated the C-terminal serine (Ser-201) of
RRAS and activates this protein, indicating that RRAS
promotes oncogenesis.’® RRAS also regulates integrin

and cell adhesion as defining biological functions,’’
plays a key role in regulation of the actin cytoskeleton
and membrane protrusion between cancer cell diffusion
and migration, and also appears to regulate vesicle traf-
ficking and mediate cell migration by regulating Rac and
Rho activity via the integrins.’® Lysine fatty acylation
promotes the plasma membrane localization of R-Ras2
and its interaction with PI3K, leading to activated Akt
and increased cell proliferation.’® These multiple effects
of RRAS are closely associated with tumorigenesis and
tumor progression, and confirm the role of this protein in
carcinogenesis.

There were a few limitations in our study. First, we
only used Western blotting to detect RRAS, and these
results may not apply to all of the DEPs identified here.
However, we used PRM to validate 10 DEPs, and the
results for 8 of these proteins were highly consistent with
TMT-label quantification results, confirming their reliabil-
ity. Second, the goal of the current study was to examine
the overall impact of upregulation of IncRNA HULC on
GBM cells. Therefore, a subsequent in-depth study of the
effects of HULC knockdown on downstream pathways
and cell functions is needed to confirm our interpretations.
Nonetheless, our results provide a foundation for further
research and a more in-depth analysis of these targets. We
are currently planning a series of IncRNA HULC knock-
down experiments to more specifically address these
issues.

Conclusion

We performed a quantitative proteomics analysis to iden-
tify the downstream effectors of IncRNA HULC in GBM
cells. Our data showed that GBM cells which overex-
pressed IncRNA HULC had increased expression of
RRAS. This suggests that IncRNA HULC has a critical
role in promoting the progression of GBM by upregulation
of RRAS, and indicates the complexity of the response to
IncRNA HULC upregulation. Our proteomics results sug-
gest new possible strategies for the diagnosis and treat-
ment of GBM.
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