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Background: Quiescin sulthydryl oxidase 1 (QSOX1) involves in the formation of disulfide
bonds and participates in the protein folding process. In recent years, accumulating evidences
have shown that QSOX1 is a biomarker for tumor development and prognosis. However, the
biological function of QSOX1 in glioblastoma (GBM) remains unclear.

Materials and Methods: QSOX1 expression in glioma and overall survival of glioma
patients were analyzed through The Cancer Genome Atlas (TCGA) and the Chinese Glioma
Genome Atlas (CGGA) databases. sShRNAs were used to decrease the expression of QSOX1
in U87 and U251 cells. Celltiter-Glo and colony formation assays were used to assess cell
proliferation. Transwell and scratch assays were utilized to determine cell migration and
invasion, the xenograft mouse models were established to evaluate the effect of QSOX1
knockdown in vivo. Western blot assays were used to detect the changes of E-cadherin/
N-cadherin/vimentin and PI3K/Akt pathway.

Results: We found that QSOX1 was upregulated in glioma, especially in GBM.
Upregulation of QSOX1 was correlated with poor prognosis in glioma patients. We dis-
covered for the first time that suppression of QSOXI1 expression inhibited proliferation,
migration and invasion, as well as epithelial-mesenchymal transition (EMT) in GBM cell
lines. In addition, phosphorylated PI3K and Akt were downregulated in the QSOXI-
knockdown groups. Moreover, QSOX1 knockdown-impaired cell growth was partially
rescued by Akt activator.

Conclusion: Our findings revealed that QSOX1 was a novel biomarker for GBM patients
and QSOXI1 promoted cell proliferation, migration and invasion through regulating PI3K/
Akt pathway in GBM.

Keywords: QSOXI1, glioblastoma, xenograft, epithelial-mesenchymal transition, PI3K/Akt
pathway

Introduction
Glioblastoma (GBM) is a highly malignant intracranial brain tumor and has a high
mortality rate.' Despite the multimodal treatment procedure including surgery,
chemotherapy and radiotherapy, the median survival time remains only 15-18
months.? The poor prognosis of GBM patients is mainly attributed to the rapid
growth, high invasiveness and heterogeneity of tumor.> Thus, there is an urgent
need for exploring the biomarker and underlying mechanism of GBM progression.
Based on Verhaak classification in 2010, GBM can be separated into four
subtypes, namely classical, proneural, mesenchymal (MES) and neural subtypes
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according to different gene set signature.” In general, the
major differences of each type include the epidermal
growth factor receptor (EGFR) amplification and loss of
heterozygosity (LOH) 10q in the classical subtype.
Downregulation of neurofibromatosis type 1 (NF1) and
upregulation of chitinase 3 like 1 (CHI3L1) and mesench-
ymal genes was observed in the MES subtype. Next,
abundant platelet-derived growth factor alpha receptor
(PDGFRA) and mutated IDHI in the proneural subtype
were observed. Finally, expression of neuron markers,
TP53 mutation and CDKN2A deletion was correlated
with the neural subtype. The difference subtypes showed
the heterogeneity of GBM and inspired us to investigate
the underlying mechanism of GBM.

QSOX1 has been well elucidated as an enzyme which
plays a crucial role in protein folding. Several studies have
demonstrated the invasive phenotype caused by QSOX1 over-
expression in tumor tissues, including renal, hepatocellular
and lung cancers.” ’ The high level of QSOXI1 also correlates
to tumor progression.®® Moreover, integrated analysis has
revealed that the upregulation of QSOXI1 is associated with
poor overall survival of GBM patients.'® However, QSOX1
expression and biological functions in GBM, as well as its
specific molecular mechanism remain unclear.

PI3K/Akt pathway could be activated in EGFR amplifica-
tion or mutation GBM,'' which drives and regulates many
cellular processes, including proliferation and migration.'?
Inhibition of the PI3K/Akt pathway is considered as
a promising therapeutic target for the treatment of different
subtypes of GBM.'*'* Particularly, several PI3K/Akt pathway
inhibitors combined with chemoradiotherapy have been
proved to be beneficial for GBM patients in clinical trials.'> '®

The present study analyzed the QSOXI1 expression in
glioma tissues and the correlation between QSOX1 expression
and GBM patients’ survival outcomes through The Cancer
Genome Atlas (TCGA) and the Chinese Glioma Genome
Atlas (CGGA) databases. Furthermore, our research indicated
for the first time that QSOX1 knockdown inhibited cell pro-
liferation, migration, invasion and EMT in GBM. Moreover,
the inhibitory effect of cell growth could be partially reversed
by PI3K/Akt activator, which suggested that QSOXI regu-
lated malignant behavior via PI3K/Akt pathway.

Materials and Methods

Bioinformatic Analysis
Differential expression and prognosis of QSOX1 in glioma
tissues were assessed by analyzing Gene Expression

Profiling Interactive Analysis (GEPIA) database (http://
GEPIA cancer-pku.cn/index.html) and CGGA database
(http://cgga.org.cn/).

Cell Culture

The human high-grade glioma (HGG) cell lines (U87, U251
and U343) were kind gifts from Dr. Xin Chen in Capital
Medical University, while HEB astrocytes were purchased
from Beijing winter song Boye Biotechnology (Beijing,
China). Our acquisition and protocol for these cell lines
were approved by the Ethic Committee of Beijing Tiantan
Hospital, Capital Medical University, Beijing, China (No.
KY?201902043). U87 cells were authenticated by STR pro-
file. U87, U251, U343 and HEB cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Corning, NY,
USA) containing 10% fetal bovine serum (HyClone, Logan,
UT, USA) and 1% penicillin and streptomycin (Gibco,
Rockville, MD, USA) in a 5% carbon dioxide incubator at
37°C. Patient-derived diffuse intrinsic pontine glioma cell
lines TT150630 and TT150714 were cultivated as previously
described.'” All of the above-mentioned cell lines were tested
and confirmed to be negative for mycoplasma.

Plasmid Construction and Lentivirus

Package

The three QSOX1 shRNA sequences (Lv-shQl GCTGA
ACACAGAGGCCAATGT, Lv-shQ2 GCACTACATCCT
GCGGATAGA and Lv-shQ3 GCAACATCATCCTGGAC
TTCC) were designed from Sigma (https://www.sigmaal

drich.com/life-science/functional-genomics-and-rnai/sirna/

mission-predesigned-sirna.html). Lentiviral shRNA plas-

mids and lentiviruses were generated as previously
described.”® The empty vector was used as the shRNA
control (NC).

RNA Isolation and Quantitative Real

Time-Polymerase Chain Reaction
(qRT-PCR)

Total RNA was extracted by Trizol (Thermo Fisher
Scientific, Inc., St. Louis, MO, USA) according to the
manufacturer’s instructions. Next, 2ug of total RNAs
were reverse-transcribed using a commercial reverse tran-
scription kit (abm, Zhenjiang, Jiangsu, China). qRT-PCRs
were performed on a CFX384 Touch qRT-PCR instru-
ment (Bio-Rad, Hercules, CA, USA) using SYBR Green
(CWBIO, Beijing, China) and relative expression was

—AACt

assessed using the 2 method and normalized to
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GAPDH. qRT-PCR primers used in our research are
listed below.

QSOXI1-Forward:
TG-3'

QSOX1-Reverse: 5'-CAAAAGACCAGGCTCAGAG
G-3’

GAPDH-Forward: 5-GATCATCAGCAATGCCTCC
T-3'

GAPDH-Reverse: 5'-TGAGTCCTTCCACGATACC
A-3'

5-GGAAGCTTCTGGAAGTCG

Cell Viability

2000 cells were plated into 96-well plates in quadruplicate.
At indicated time points, cell viability was assessed by
Celltiter Glo assay (Promega, Madison, WI, USA) and the
bioluminescence signal was measured by a TECAN
Infinite 2000 plate reader (TECAN, Maennedorf, Ziirich,
Switzerland). This experiment was performed in triplicate
independently.

Colony Formation Assay

2000 cells were seeded in at least three replicates in 6-well
plates and incubated at 37°C for 24 hours. Then, 8 pg/mL
SC79 (Selleck, Pittsburgh, PA, USA) or dimethyl sulfoxide
(DMSO) was added into the medium. After seven days,
cells were fixed by methanol for 20 minutes and stained
with 0.5% crystal violet for 10 minutes. Subsequently, the
plates were rinsed in water to remove excessive crystal
violet. The plates were scanned by an electronic scanner
(Fuji Xerox, Tokyo, Japan).

Wound Healing Assay

4x10° cells were plated into 6-well plate and incubate
24 hours in DMEM medium. Wounds were created by
scratching the cell monolayer with a 1000ul pipette tip.
Cells were cultured in the DMEM containing 2% fetal bovine
serum (FBS) for another 24 hours and images were captured
using a microscope (Zeiss, Jena, Germany). This experiment
was performed in triplicate independently.

Migration and Invasion Assay

5x10* cells suspended in serum-free DMEM were plated into
8 um pore size inserts (Corning) for cell migration assay
[without Matrigel (Corning)] and cell invasion assay (pre-
coated with Matrigel for 2 hours). Then, the DMEM contain-
ing 10% FBS was added to the lower chamber to induce cell
migration or invasion. After incubation at 37°C for 24 hours,
the chambers were fixed by 4% paraformaldehyde for

30 minutes and then stained by 0.5% crystal violet for 10
minutes. Cells remaining on the upper surface of the mem-
brane were gently removed with a cotton swab. The number
of migration or invasion cells in the lower surface were
counted in four random fields.

Western Blot

The cells were lysed with RIPA lysis buffer containing
complete tablets (Roche, Basel, Switzerland) and phospha-
tase inhibitor (Sangon Biotech, Shanghai, China) on a shaker
at 4°C overnight. Following quantification using Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific), equal amounts
of proteins were boiled and loaded for Western blot analysis.
PVDF membranes were incubated with primary antibody
(1:1000) at 4°C overnight. Membranes were then incubated
for 1 hour with HRP-conjugated anti-rabbit/mouse IgG sec-
ondary antibody (CWBIO) at room temperature. Protein
bands were visualized using the enhanced chemilumines-
cence detection kit (Thermo Fisher Scientific) and the
ChemiDoc Touch imaging system (Bio-rad). Primary anti-
bodies used were GAPDH (abm), QSOX1 (Thermo Fisher
Scientific, 12713-1-AP), E-cadherin (Cell Signaling
Technology, Danvers, MA, USA, 3195), N-cadherin (BD
Biosciences, San Jose, CA, USA, 610920), vimentin
(Thermo Fisher Scientific, MAS5-16409), phospho-PI3K
(Cell Signaling Technology, 4228T), PI3K (Cell Signaling
Technology, 4257T), phospho-Akt (Cell Signaling
Technology, 4060T) and Akt (Cell Signaling Technology,
4691T). The intensities were measured by Image J software.

In vivo Experiments
All in vivo experiments were approved by the Committee on
the Ethics of Animal Experiments, of Beijing Tiantan
Hospital and performed in accordance with the guidelines
for the Care and Use of Laboratory Animals, Committee on
the Ethics of Animal Experiments, Beijing Tiantan Hospital.
10 active U87 cells infected with Lv-shQ2 or NC lenti-
virus were suspended in 200uL PBS and subcutaneously
injected into a group of six BALB/c nude mice, respectively.
After 1 month, the mice were sacrificed and the xenografts
were excised, weighed and fixed subsequently.

Hematoxylin-Eosin Staining (H&E) and
Immunohistochemistry

Serial sections at 5 pm thickness were prepared and depar-
affinized according to standard protocol. Next, the sections
were stained with hematoxylin and eosin (Sangon Biotech)
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in accordance with manufacturer’s guideline. Other slides
were incubated with anti-Ki67 (Invitrogen), anti-QSOX1
and anti-GFAP (Invitrogen) primary antibody overnight at
4°C. Subsequently, sections were visualized using DAB
and co-stained with hematoxylin (Sangon Biotech),
mounted with neutral gum (CWBIO) and captured by the
microscope (Zeiss).

Statistics

All results were presented as the mean + standard devia-
tion (SD) from at least three replicates independently.
One-way analysis of variance (ANOVA) or Student’s
unpaired 7-test was utilized to analyze significance using
GraphPad Prism 7.0 (GraphPad Software, Inc., La Jolla,
CA, USA). Kaplan—Meier method and Log rank test were
carried out for survival analysis. P < 0.05 were considered

to indicate statistical significance.

Results
Upregulation of QSOXI Was Correlated

with Poor Prognosis in HGG

Firstly, to evaluate the role of QSOXI1 in the progression of
glioma, the expression level of QSOX1 was analyzed in the
CGGA and TCGA databases. We found a significant increase
of QSOX1 in the HGG compared with the low-grade glioma
(LGG) and normal brain (Figure 1A and B, Supplementary
Figure 1A). Importantly, Kaplan-Meier survival analysis
suggested that HGG patients with lower QSOX1 expression
were significantly correlated with longer overall survival
time, while no statistical difference in LGG patients (Figure
1C-E, Supplementary Figure 1B, C). Next, the expression

levels of five HGG and one normal astrocyte cell lines were
detected by qRT-PCR (Figure 1F). U87 and U251 cells were
selected for our further loss-of-function experiments due to
their high expression of QSOX1 among the five HGG cell
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Figure | QSOXI was upregulated in glioma with poor prognosis. (A) The expression level of QSOXI between GBM tissues (red bar, n=163) and normal tissues (black bar,
n=207) in the TCGA database. (B) The expression level of QSOXI between different pathology stages of glioma tissues. (C-E) Kaplan-Meier survival curves of glioma
patients based on QSOXI| expression in the TCGA database (C) and CGGA database which includes primary glioma patients (D) and recurrent glioma patients (E). (F)

QSOXI1 expression levels in human astrocytes HEB and five HGG cell lines.
Notes: *P < 0.05, ***P < 0.0001.
Abbreviations: T, GBM tumor tissue; N, normal tissue; ns, no significant.
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lines. Hence, QSOX1 was upregulated in glioma, especially
HGG, and negatively correlated with overall survival.

QSOXI| Promoted GBM Caell

Proliferation and Colony Formation

To unveil the biological functions of QSOX1 in GBM,
three different lentiviral shRNAs were used to stably
knockdown the QSOXI1 expression in U87 and U251
GBM cell lines. The knockdown efficiencies were detected
by qRT-PCR (Figure 2A) and verified by Western Blot
(Figure 2B). The two most efficient shRNAs, Lv-shQ1 and
Lv-shQ2 were chosen for lentivirus packages for further
experiments.

As expected, the cell viability decreased remarkably after
inhibition of QSOX1 expression measured by Celltiter-Glo
assay (Figure 2C). To verify whether QSOX1 promoted tumor
growth in vivo, we concurrently injected NC or Lv-shQ2 U87
cells into immunodeficient mice to establish the xenograft
mouse models and grouped them into the NC and Lv-shQ2
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group randomly. The results demonstrated that tumor weights
were decreased by ~35% in the Lv-shQ2 group compared with
the NC group after 30 days (Figure 2D and E). Furthermore,
the immunohistochemical assay revealed significantly down-
regulated levels of QSOX1 and Ki-67 in the tumor tissues of
nude mice treated with Lv-shQ2 compared to that in controls,
while the intensity of GFAP, a common GBM marker,21 was
similar between QSOX1 knockdown and control group
(Figure 2F).

Silencing QSOXI Inhibited GBM Cells

Migration, Invasion and EMT

Accumulating studies have demonstrated that QSOXI1
affects tumor microenvironment and extracellular matrix.*
As a result, we utilized wound healing, transwell migration
and matrigel invasion assays to evaluate the migration and
invasion ability influenced by QSOX1 knockdown. In agree-
ment with our speculation, both the migration and invasion
ability of U87 and U251 cells significantly reduced after
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Figure 2 Knockdown of QSOXI decreased GBM cell growth. (A) The expression levels of QSOXI evaluated by gRT-PCR in HGG and astrocyte cell lines. (B) Stable
knockdown of QSOXI in U87 and U251 cell lines was detected by Western blot. (C) Cell proliferation was measured by Celltiter-Glo assay for up to 72 hours. (D) The
weights of xenograft tumors derived from subcutaneous implantation of U87 cells infected with NC or Lv-shQ2. (E) Representative image of tumors resected from the
immunodeficient mice. (F) Representative immunohistochemical images of H&E, QSOXI, Ki-67 and GFAP. Scale bar, 200 pm.

Notes: **P < 0.01, **P < 0.001.

Abbreviations: RLU, relative light units; H&E, hematoxylin-eosin staining; GFAP, glial fibrillary acidic protein.
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QSOX1 knockdown (Figure 3A). Meanwhile, the wound
healing rate decreased by over 50% in the two shQSOX1
groups (Figure 3B). These results indicated that silencing
QSOX1 could inhibit the migration and invasion of GBM
cells.

Base on the above-mentioned results and previous
investigations,”> we supposed that QSOX1 inhibited EMT
in GBM. It is well accepted that N-cadherin, E-cadherin and
vimentin are considered classical EMT markers. As indi-
cated by Western blot assay, the expression level of
E-cadherin was increased in QSOX1-knockdown U87 and
U251 cell lines compared with the corresponding NC
group. On the contrary, N-cadherin and vimentin showed
the opposite trend (Figure 3C).

Silencing QSOXI Inhibited GBM Cell
Proliferation and Migration Partially by
Blocking the PI3K/Akt Pathway

Due to the PI3K/Akt pathway controls many cellular pro-
cesses that are important for the formation and progression

A ug7z U251

of cancer,”® we wondered if QSOX1 inhibited PI3K/Akt
pathway. As shown in Figure 4A, silencing QSOX1 sig-
nificantly reduced phospho-PI3K and phospho-Akt levels
in U87 and U251 cells.

To determine the roles of PI3K/Akt signaling pathway
in QSOX1-related tumorigenicity, QSOX1-knockdown and
the corresponding NC GBM cells were seeded in the
medium with or without 8 pg/mL SC79, a novel brain-
penetrable Akt phosphorylation activator. Western blot ana-
lysis confirmed that SC79 effectively increased the protein
levels of phosphorylated PI3K and Akt in the NC and
QSOX1-knockdown GBM cells (Figure 4B). Afterward,
colony formation, Celltiter-Glo and Transwell assays were
utilized to assess cell growth, proliferation and migration.
Strikingly, the results indicated that the upregulation of
PI3K/Akt signaling pathway rescued the QSOX1 knock-
down-impaired cell growth, proliferation and migration
in vitro (Figure 4C-E, Supplementary Figure 2A, B).
Taken together, our findings suggested that QSOX1 regu-

lated cell proliferation and migration partially through
PI3K/Akt pathway.
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Figure 3 Downregulation of QSOXI inhibited GBM cell migration, invasion and EMT. (A) Effect of QSOXI on the migration and invasion of glioma cell lines. Scale bar, 200
um. (B) The QSOXI-knockdown glioma cells demonstrated a lower wound closure rate than the NC group. Scale bar, 200um. (C) The protein levels of EMT markers in

U87 and U251 cells transfected with Lv-shQ]I, Lv-shQ2 and NC.
Notes: *P < 0.05, **P < 0.001.
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on cell growth in vitro. (A) The protein levels of phospho-PI3K (p-PI3K), total-PI3K
the Lv-shQl, Lv-shQ2 and NC groups. (B—-D) U87 and U251 cells were transfected

with Lv-shQ1/Lv-shQ+SC79/Lv-shQ2/Lv-shQ2+SC79, NC or NC+SC79 as the control. (B) The SC79 activated the PI3K/Akt axis monitored by Western blot. (C-E)
Quantification of colony numbers (C), cell viability (D) and migration cells (E) in the control and treated groups.

Notes: *P < 0.05, *P < 0.01, ***P < 0.001.

Abbreviations: p-PI3K, phosphorylation of PI3K; t-PI3K, phosphatidylinositol 3 kinase; p-Akt, phosphorylation of Akt; t-Akt, protein kinase B; RLU, relative light units.

Discussion

Although QSOX1 is well accepted as an enzyme that
oxidizes thiols during protein folding,” the biological
functions in glioma progression remain puzzled.
Recently, several studies have been reported that QSOX1
could function as an oncogene.”’ Katchman et al reported
that QSOX1 promoted the proteolytic activity of matrix
metalloproteins secreted by tumor cells and helped tumor
cells invade through a basement membrane and gain
access to the bloodstream.?® Also, Fifield et al identified
that an oral inhibitor of QSOXI1 suppressed renal cell
carcinoma growth in vivo.” However, some controversy
reveals that QSOXI1 acts as a biomarker of a favorable
outcome in certain breast tumors.?” In our study, we found

that QSOX1 was upregulated in GBM tissues and partially
correlated with the stages of glioma. More importantly,
high QSOX1 expression was associated with poor overall
survival outcome in HGG, which was consistent with most
previous studies in other tumors.® To our best knowledge,
this was the first investigation of QSOXI1 function in
glioma.

EMT is a transformation process by which the static
epithelial cells transfer to motile cells and manipulating
some parts of the molecular program.*® The EMT enables
glioma cells to survive from the primary tumor site, which
is a major process for therapy resistance.”’ Recently, the
EMT-derived molecular mechanisms have been studied
deeply and emphasize the suppression of E-cadherin
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together with other epithelial marker genes paralleled by
overexpression of mesenchymal marker genes including
N-cadherin, vimentin and fibronectin.*® In GBM, MES
subtype was characterized by high expression of mesench-
ymal genes, predicting the poor survival outcome.
Accumulating evidence suggested that different GBM sub-
types can co-exist and shift in the same tumor,*'** which
implicated that mesenchymal genes might induce the PN-
MES occurrence. We found that QSOXI1 knockdown
inhibited the proliferation, migration, invasion and the
EMT progress of GBM cells. These data indicated that
QSOX1 might be an indicator of metastasis and demon-
strated a novel mechanism for QSOXI1 in the GBM sub-
type transition.

Although the activation of PI3K/Akt pathway plays
a crucial role in mesenchymal cells™ and glioma
malignancy,”* the interaction between QSOX1 and PI3K/
Akt axis is not fully elucidated. Thus, we observed that
silencing QSOXI1 inactivated PI3K/Akt signaling pathway.
Moreover, the cell growth inhibited by QSOX1 knockdown
could be partially rescued by using Akt activator. These data
suggested that QSOX1 knockdown could inhibit cell growth
partially via inactivating PI3K/Akt pathway.

Conclusion

Collectively, the abundance of QSOX1 was aberrantly
increased in GBM tissue and cell lines. Our research first
demonstrated that knockdown of QSOXI1 suppressed
GBM cell proliferation, invasion and migration via inacti-
vating PI3K/Akt pathway, providing a promising biomar-
ker and therapeutic target of GBM.
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