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Background: As a neurotrophic factor, prosaposin (PSAP) can exert neuroprotective and neurotrophic effects. It is
involved in the occurrence and development of prostate and breast cancer. However, there is no research about
the role of PSAP in glioma.
Methods: The PSAP overexpressed or silenced glioma cells or glioma stem cells were established based on
Lentiviral vector transfection. Cell viability assay, Edu assay, neurosphere formation assay and xenograft experi-
mentswere used to detect the proliferative ability.Western blot, Elisa and luciferase reporter assayswere used to
detect the possible mechanism.
Findings: Our study firstly found that PSAP was highly expressed and secreted in clinical glioma specimens, gli-
oma stem cells, and glioma cell lines. It was associatedwith poor prognosis.We found that PSAP significantly pro-
moted the proliferation of glioma stem cells and cell lines. Moreover, PSAP promoted tumorigenesis in
subcutaneous and orthotopic models of this disease. Furthermore, GSEA and KEGG analysis predicted that
PSAP acts through the TLR4 and NF-κB signaling pathways, which was confirmed by western blot, immunopre-
cipitation, immunofluorescence, and use of the TLR4-specific inhibitor TAK-242.
Interpretation: The findings of this study suggest that PSAP can promote glioma cell proliferation via the TLR4/NF-
κB signaling pathway and may be an important target for glioma treatment.
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1. Introduction

Glioma is themost common primarymalignant tumor of the central
nervous system. Current treatment approaches (i.e., surgery,
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radiotherapy, and chemotherapy) are not ideal, and the average sur-
vival time of patients is b15 months [1]. Recent studies have shown
that gliomas can promote their own growth, angiogenesis, and invasion
by the release of a series of autocrine or paracrine secretory proteins
(e.g., growth factors and cytokines), which can also contribute to treat-
ment tolerance [2,3]. For example, glioma can promote its proliferation
and tumorigenesis by secreting the Wnt secretion protein Evi/Gpr177
[4]. Glioma also promotes mesenchymal transition and invasion by the
secretion of TGF-β [5]. Therefore, the regulation and intervention of
glioma-related secretory proteins may be an important target for the
treatment of this disease [6,7].

Prosaposin (PSAP) is a conserved glycoprotein with multiple func-
tions, including a role in the metabolism of sphingomyelin and
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Research in context

Evidence before this study

Glioma is the most common primary malignant tumor of the cen-
tral nervous system. Current treatment approaches
(i.e., surgery, radiotherapy, and chemotherapy) are not ideal,
and the average survival time of patients is b15 months. The reg-
ulation and intervention of glioma-related secretory proteins may
be an important target for the treatment of this disease. A con-
served glycoprotein, Prosaposin (PSAP) can act as a neurotrophic
factor and participate in themetabolism of sphingomyelin and cer-
amide. Overexpression and secretion of PSAP are correlated with
tumorigenesis in prostate and breast cancer. Furthermore, PSAP
can cause tolerance to endocrine therapy in breast cancer via an-
drogen receptor activation. In addition, PSAP is highly expressed
in gallbladder cancer and is expected to become a biomarker of
that disease. However, as neurotrophic factor, the role of PASP
in glioma is still not completely clear.

Added value of this study

Our study found abnormally high PSAP expression levels in glioma
through bioinformatics analysis and confirmed that PSAP could
promote the growth of glioma. KEGG and GSEA analysis also re-
vealed that PSAP is involved in the TLR4 signaling pathway. Be-
cause TLR4 is stimulated by different ligands, it has multiple
regulatory roles in glioma. This study suggests that overexpres-
sion of PSAP promotes glioma growth and tumorigenesis through
activation of the TLR4/NF-κB signaling pathway. PSAPmay be an
possible target in glioma treatment.

Implications of all the available evidence

We confirmed that PSAP is overexpressed in glioma, and can bind
to TLR4 to activate the NF-κB signaling pathway, which may in-
duce the synthesis and secretion of inflammatory factors and pro-
mote the growth of glioma stem cells and tumor cells. PSAP may
be an important target for inhibiting glioma growth and improving
glioma prognosis.
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ceramide [8,9]. Secretory PSAP is found in blood, cerebrospinal fluid,
milk, semen, and other body fluids, where it acts as a neurotrophic fac-
tor [10–12]. Complete PSAP deletion is lethal in both human andmouse
[13]. Even partial deletion can lead to severe neurodegenerative dis-
eases, lysosomal storage disorder, and lipid storage disease [14–16].
PSAP exists mainly as a secretory type in the central nervous system
[10,17]. It is highly expressed in the neuroglia of the brain stem, hypo-
thalamus, cerebellum, and hippocampus [18–20]. When the body suf-
fers a serious nerve function injury, brain injury, or neurotoxicity, the
synthesis of PSAP significantly increases, and it plays a role in neuropro-
tection and promotes repair and regeneration of neurons [21–23]. Al-
though PSAP has important physiological functions, overexpression
and secretion of PSAP are correlated with tumorigenesis. For example,
abnormal PSAP expression promotes prostate cancer cell proliferation
and anti-apoptosis through the androgen receptor and androgen-
related genes [13,24]. In breast cancer, secretory PSAP promotes the
growth of breast cancer by the upregulation of estrogen receptor
alpha and activation of the MAPK signaling pathway [25]. Furthermore,
PSAP can cause tolerance to endocrine therapy in breast cancer via an-
drogen receptor activation [26]. In addition, PSAP is highly expressed
in gallbladder cancer and is expected to become a biomarker of that dis-
ease [27].
Our study found abnormally high PSAP expression levels in glioma
through bioinformatics analysis and confirmed that PSAP could pro-
mote the growth of glioma. KEGG and GSEA analysis also revealed
that PSAP is involved in the TLR4 signaling pathway. Toll-like receptors
(TLRs) belong to a class of pattern recognition receptors (PRRs), which
can identify pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) [28,29]. Because TLR4
is stimulated by different ligands, it has multiple regulatory roles in gli-
oma [28,30]. This study suggests that overexpression of PSAP promotes
glioma growth and tumorigenesis through activation of the TLR4/NF-κB
signaling pathway.
2. Materials and methods

2.1. Cell culture and cell treatment

The human glioma cell line T98G was purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA). U87 and U251
cells were purchased from the Chinese Academy of Sciences cell bank
(Shanghai, China). HA, LN229, and SNB19 cells were a gift from Profes-
sor Tao Jiang, Department of Molecular Neuropathology, Beijing Neuro-
surgical Institute. H4 and A172 cells were purchased from iCell
Bioscience Inc. (Shanghai, China). All cell lines were maintained in
Dulbecco's modified Eagle's medium (DMEM, HyClone, Logan, UT,
USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Carlsbad,
CA, USA) and 1% penicillin/streptomycin (Gibco) at 37 °C with 5% CO2.
TAK-242 (MedChem Express, Monmouth Junction, NJ, USA) was used
as an TLR4 inhibitor at a concentration of 10 nM.

Six patient-derived primary glioma cells from WHO grade II to IV
(WHO grade II: GSC-21, GSC-22; III: GSC-31, GSC-32; IV: GSC-41, GSC-
42) were performed as previously described [31]. The expression of
the glioma stem cell markers, CD133 and nestin, was examined by im-
munofluorescence using anti-CD133 or anti-nestin antibodies (Abcam,
Cambridge, UK). Immunofluorescence staining of GFAP and β III tubulin
(Abcam)was used to detect themulti-lineage differentiation capacity of
the GSCs.
2.2. Patients and samples

Seventy clinical samples from glioma patients and ten control sam-
ples from brain injury patients were collected from the First Affiliated
Hospital of China Medical University from January 2007 to December
2011. According to theWorld Health Organization (WHO) classification
guidelines, therewere 20 cases ofWHO grade II, 25 cases ofWHOgrade
III, and 25 cases of WHO grade IV. Two neuropathologists verified the
histological diagnosis of each sample. This study was approved by the
ethics committee of the First Affiliated Hospital of China Medical Uni-
versity and written informed consent was obtained from each patient.
2.3. Lentiviral vector construction and transfection

PSAP RNAi of and the lentiviral vector for PSAP overexpression,
siRNA TLR4 were generated by Gene-Chem (Shanghai, China). Two
siRNA sequences were designed for PSAP silencing: forward 5’-
CCGAACAUGUCUGCUUCAUTT-3′, reverse 5’-AUGAAGCAGACAUGUU
CGGTT-3′ and forward 5’-CCCAGCAAAGUCUGAUGUUTT-3′, reverse
5’-AACAUCAGACUUUGCUGGGTT-3′. The siRNA sequences for TLR4
silencing were: forward 5’-CGAUGAUAUUAUUGACUUAUU-3′, re-
verse 5’-UAAGUCAAUAAUAUCAUCGAG-3′. Puromycin (Sigma, Santa
Clara, CA, USA) selection was performed on the transfected cells at
a concentration of 10 μg/ml for 15 days. qPCR and western blotting
were used to determine the effectiveness of silencing and
overexpression.
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2.4. Real-time PCR

Real-time PCR was performed as previously described [31]. Total
RNA was isolated from glioma cells using the Mini-BEST Universal
RNA Extraction kit (TaKaRa, Kyoto, Japan) according to themanufactur-
er's instructions. First-strand cDNA was synthesized using Prime-Script
RTMasterMix (TaKaRa). SYBRGreenMasterMix (TaKaRa)was used for
qPCR detection (PCR LightCycler480, Roche Diagnostics Ltd., Basel,
Switzerland). The sequences of the PCR primer pairs are as follows:
PSAP, forward 5’-CCCGGTCCTTGGACTGAAAG-3′ and reverse 5’-TATG
TCGCAGGGAAGGGATTT-3′; β-actin, forward 5’-CATGTACGTTGCTATC
CAGGC-3′ and reverse 5’-CTCCTTAATGTCACGCACGAT-3′.

2.5. Western blotting and immunoprecipitation

Western blotting was performed as previously described [31]. Cell
protein was isolated from cells using a cell protein extraction kit
(KeyGen Biotechnology, Nanjing, China). Trichloroacetic acid (TCA)
protein precipitation was used to collect the secretory protein in the
cell supernatants [32]. The total protein included the protein from
both the cells and supernatants and was used for western blotting and
immunoprecipitation. An equivalent amount of protein from each sam-
ple was separated by 4 to 20% SDS-PAGE (Genscript, Nanjing, China)
and transferred to a nitrocellulose membrane. The membranes were
blockedwith 2%bovine serumalbumin (KeyGen Biotechnology) and in-
cubated with primary antibody at 4 °C overnight. The membranes were
washed with TBST and then incubated with secondary antibody. The
Chemiluminescence ECL kit (Beyotime Biotechnology, Beijing, China)
was used to detect the bands, which were quantified using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA).

For immunoprecipitation, cell pellets were lysed using RIPA lysis
buffer containing proteasome inhibitor (Beyotime Biotechnology).
Whole cell lysateswere immunoprecipitated for 12 h at 4 °Cwith gentle
shaking using a rabbit monoclonal antibody against PSAP or a mouse
monoclonal antibody against TLR4 (Abcam) that was prebound to pro-
tein A-Sepharose 4B beads (GE Healthcare, Pittsburgh, PA, USA). Appro-
priate isotype antibodies were used as controls (Abcam). The beads
were washed and boiled in SDS buffer, and the eluates were analyzed
by western blotting.

2.6. Immunohistochemistry (IHC)

The IHC of tumor specimens was performed as previously described
[31]. Paraffin-embedded sections were labeled with a primary antibody
against PSAP (Abcam), and samples were imaged using a light micro-
scope (Olympus, Tokyo, Japan). The immunohistochemical results
were evaluated according to the German immunohistochemical score
(GIS) [33,34].

2.7. Enzyme-linked immunosorbent (ELISA)

ELISA was performed as previously described [31]. The concentra-
tions of PSAP, IL1β, IL6, IL8, IL10, IP-10, MCP1, RANTES, and IFN-β in
the media supernatant of the glioma cell lines and stem cells were de-
termined using commercially available ELISA kits (Cusabio, Stratech,
Suffolk, UK). All the ELISA readings were normalized to the protein con-
centration in the control group.

2.8. Immunofluorescence

Immunofluorescence staining was performed as previously de-
scribed [31]. Briefly, the cells were fixed with 4% paraformaldehyde,
permeabilizedwith 0.5% Triton X-100, blockedwith 5% BSA, and probed
with primary antibody at 4 °C overnight. The samples were washed
with PBS for 5 min and then stained with FITC- or rhodamine-
conjugated secondary antibody. The cells were then counterstained
with DAPI (Sigma). Staining was visualized using a laser scanning con-
focal microscope (Olympus).

2.9. Cell viability assay

Cell viability was determined using the CellTiter 96® AQueous Non-
Radioactive cell proliferation assay kit (Promega, Madison,WI, USA) ac-
cording to themanufacturer's instructions. Briefly, cellswere cultured in
96-well plates at a density of 1 × 103 cells/well for 24, 48, 72, 96, or
120 h. After the incubation, MTS (20 μl) was added to each well for
3 h at 37 °C. The absorbance at 495 nmwas detected using an ultraviolet
spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA).

2.10. EdU assay

The 5-ethynyl-20-deoxyuridine (EdU) incorporation assay was per-
formed using an EdU assay kit (Beyotime Biotechnology) according to
the manufacturer instructions. Briefly, cells were seeded into 24-well
plates at a density of 1 × 105 cells per well for 24 h and then treated
with 50 μMEdU for 2 h at 37 °C. The cells were then fixedwith 4% para-
formaldehyde, permeabilized with 0.3% Triton X-100, incubated with
100 μl Click Additive Solution for 30 min, and stained with 100 μl
DAPI. The images were takenwith a laser scanning confocal microscope
(Olympus). The percentage of EdU-positive cells was calculated.

2.11. Neurosphere formation assay

The neurosphere formation assay was performed as previously de-
scribed [31]. Briefly, glioma stem cells were seeded in 24-well plates
at a density of 200 cells per well and cultured in fresh medium for
seven days. The relative neurosphere size and number of neurospheres
were counted using a light microscope (Olympus).

2.12. Luciferase reporter assays

Luciferase reporter assays were performed as previously described
[31]. Briefly, NF-kappaB and IRF3 reporter plasmids were constructed
by Gene-Chem (Shanghai, China). Cells were seeded into 96-well plates
at a density of 5 × 103 cells per well and transfected with different plas-
mids. After 48 h, the cells were lysed, and luciferase activity was mea-
sured using the Dual-Luciferase Reporter Assay System (Promega),
according to the manufacturer's instructions. Each experiment was in-
dependently repeated three times.

2.13. Xenograft experiments

Six-week-old female BALB/c nudemicewere purchased fromBeijing
Vital River Laboratory Animal Technology Co., Ltd. and bred in laminar
flow cabinets under specific pathogen-free conditions in the Laboratory
Animal Center of China Medical University. All animal experiments
were performed in accordance with the Animal Care Committee of
China Medical University. Cells were injected orthotopically (5 × 10
[4]) into the mouse brain at 2 mm lateral and 2 mm anterior to the
bregma using a stereotaxic apparatus as previously described [31].
Five mice in each group was observed daily for signs of distress or
death and tumor growth. The tumor volume was calculated according
to the formula: V= (D× d [2])/2, where D represents the longest diam-
eter and d represents the shortest diameter.

2.14. Bioinformatics analysis

The data onmRNA expression and the clinicalmaterial frompatients
were obtained from the Cancer Genome Atlas (TCGA, http://
cancergenome.nih.gov) and the Chinese Glioma Genome Atlas (CGGA,
http://www.cgga.org.cn). Gene set enrichment analysis (GSEA, http://
www.broadinstitute.org/gsea/index.jsp) was used to detect sets of
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Supplementary Fig. 1. Representative images of immunostaining with secondary
antibody alone (up: control) or PSAP (down, PSAP).
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genes from signaling pathways that showed statistically significant dif-
ferences between higher and lower PSAP expression groups.

2.15. Statistical analysis

Statistical analysis was performed using SPSS 22.0 software. All ex-
periments were repeated at least three times, and the results are pre-
sented as the mean ± the standard error of the mean (SEM). The chi-
square test and t-test were used to evaluate the statistical significance
between groups. Differences in survival rates were analyzed using the
log-rank test and Kaplan–Meier analysis. All statistical tests were two-
sided, and statistical significance was defined as a p-value b.05.

3. Results

3.1. PSAP is highly expressed in gliomas and is associated with poor
prognosis

We first evaluated the expression of PSAP in 70 glioma patients and
10 normal brain tissues. All results (i.e., qPCR, western blot, and immu-
nohistochemistry) showed that the expression of PSAP in glioma was
significantly higher than that in normal brain tissue. In addition, the ex-
pression was significantly increased with higher glioma WHO grades
(Fig. 1 a, b, c, d and Supplementary Fig. 1). Furthermore, according to
our clinical material, the last patient of the PSAP high expression popu-
lation was lost to follow up at week 65, and the last patient of the PSAP
low expression population died atweek 80. Kaplan-Meier survival anal-
ysis demonstrated that themedian survival time of patients with higher
PSAP expression was 22 months compared to 29 months for patients
with lower PSAP expression. Therefore, the survival time of glioma pa-
tients with higher PSAP expression was significantly shorter than that
of the lower expression group (P = .034) (Fig. 1 e).

We isolated glioma stem cells (GSCs) from six patient gliomas
representing different pathological diagnoses (e.g., WHO grade II, III,
or IV). The six GSC populations were designated GSC-21 and GSC-22
Fig. 1. PSAP is expressed at higher levels in glioma and is correlatedwith poor patient survival. a
different grades compared to normal brain tissue (NBT). β-actinwas used as a loading control. D
or vector control cells as appropriate (3 experiments). c: Representative immunohistochemistry
III, n = 25; grade IV, n = 25; NBT n = 10). Scale bar = 50 μm. (non-tumor vs. grade II, P = 0
ANOVA). d: PSAP is expressed at higher levels in glioma patients with different grades of dise
glioma patients with high PSAP expression versus low PSAP expression by IHC. *P, 0.05; **P, 0.
(WHO grade II), GSC-31 and GSC-32 (WHO grade III), and GSC-41 and
GSC-42 (WHOgrade IV). All GSCs were confirmed by their ability to dif-
ferentiate and immunofluorescence staining of the stem cell markers
CD133 and nestin (Fig. 2 a, b). Western blot and qPCR showed that
PSAP expression in the WHO grade IV GSCs (GSC-41 and GSC-42)
was higher than that of the WHO grade II GSCs (GSC-21 and GSC-
22) (Fig. 2 c, d). In addition, secretion of PSAP into the medium was
significantly higher for the WHO grade IV GSCs than for the WHO
grade II GSCs (Fig. 2 f). Furthermore, we evaluated the expression of
PSAP in common glioma cell lines. Using western blot, qPCR, and
ELISA, we found that the expression and secretion of PSAP in common
glioma cell lines. All the tested glioma cell lines expressed higher
levels of PSAP than the normal human astrocyte cell line HA. More-
over, U87, which is one of the most aggressive and malignant glioma
cell lines, had the highest PSAP expression levels. In contrast, SNB19,
an astrocytoma cell line that is less aggressive and malignant,
expressed the lowest PSAP levels (Fig. 2 c, e). Based on these results,
, b: Representative western blots showing higher PSAP expression in glioma patients with
ensitometry data are shown as themean± S.D. relative to the respective negative control
staining for PSAP inNBT and gliomapatientswith different grades (grade II, n=20; grade
.0038; non-tumor vs. grade III, P b 0.0001; non-tumor vs. grade IV, P b 0.0001; one-way
ase compared to NBT as measured by qPCR. e: Kaplan–Meier analysis of the 70 cases of
01; ***P, 0.001. (t-test).

Image of Fig. 1
Image of Supplementary Fig. 1


Fig. 2. Endogenous PSAP expression in glioma cells. a: Immunofluorescence staining of CD133 in patient-derived glioma stem cells (GSCs), scale bar = 20 μm. b: After DMEM+10% FBS
treatment, the patient-derived GSCs became adherent and differentiated into GFAP- or βIII tubulin-positive cells. Representativemicrographs of adherent GSCs are presented, scale bar=
200 μm. Immunofluorescence showed differentiated GSCs expressing GFAP or βIII tubulin (middle and below), scale bar = 50 μm. c: PSAP expression in patient-derived GSCs (left) and
different glioma cell lines (right) measured by qPCR. d, e: PSAP protein levels in patient-derived GSCs (d) or different glioma cell lines (e) measured by western blot. f, g: Secreted PSAP
levels in themedium of patient-derivedGSCs (f) or different glioma cell lines (g)measured by ELISA. All data are shown as themean± S.D. (3 experiments). *P, 0.05; **P, 0.01; ***P, 0.001.
(t-test).
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there appears to be significantly higher expression and secretion of
PSAP in glioma with a significant correlation between the expression
of PSAP and poor patient prognosis.

3.2. PSAP regulates the growth of glioma cells

To determine the effect of PSAP on glioma tumor cell and stem
cell growth, we designed two siRNA sequences with a lentivirus en-
velope to silence PSAP expression. We chose U87 and GSC-42 for
lentiviral infection because they had the highest PSAP expression.
We used western blot, qPCR, and ELISA to confirm the knockdown
of PSAP expression. As shown in Fig. 3 a-c, the levels of PSAP ex-
pression and secretion were significantly decreased in both U87
and GSC-42 following transfection of PSAP siRNA. Furthermore,
knockdown of PSAP expression significantly decreased the growth
of U87 and GSC-42 as determined by the MTS and EdU assays
(Fig. 3 d-f). PSAP siRNA infection of GSC-42 also reduced the rate
of neurosphere formation and size of the neurospheres compared
to the control group (Fig. 3 g).

To further evaluate the effect of PSAP on the growth of glioma
tumor cells and stem cells, we overexpressed PSAP in SNB19 and
GSC-21, which was confirmed by western blot, qPCR, and ELISA
(Fig. 4 a, b, c). MTS and EdU assays confirmed that SNB19 and GSC-
21 proliferation increased following PSAP overexpression (Fig. 4 d,
e). Furthermore, the neurosphere formation rate and relative size of
neurospheres formed by GSC-21 were significantly higher than the
control group following PSAP overexpression (Fig. 4 f). These results
confirm that PSAP plays a role in regulating glioma proliferation and
a high level of PSAP synthesis and secretion can promote the growth
of glioma cells.

Image of Fig. 2


Fig. 3. PSAP knockdown inhibited glioma proliferation in vitro. a, b, c: Lentiviral-based PSAP-siRNA1, PSAP-siRNA2, or siRNA-control were transfected into U87 or GSC-42, and the
knockdown effects were detected by western blot (a), qPCR (b), and ELISA (c). d, e: U87 (d) and GSC-42 (e) cell viability was decreased after PSAP knockdown as measured using the
MTS assay. f: PSAP knockdown inhibited the proliferation of U87 and GSC-42 cells as measured by the EdU incorporation assay, scale bar = 100 μm. g The self-renewing capacity of
GSC-42 decreased after PSAP knockdown as determined by the neurosphere formation assay, scale bar = 20 μm. All data are shown as the mean ± S.D. (3 experiments). *P, 0.05; **P,
0.01; ***P, 0.001. (t-test).
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3.3. PSAP increases glioma tumorigenesis

We further evaluated the effects of PSAP on tumorigenesis using
orthotopic xenograft models. We followed the survival rates of nude
mice after intracranial inoculation of GSC-42 cells with (PSAP-KD1,
PSAP-KD2) or without (PSAP-NC) PSAP silencing. According to the
Kaplan-Meier survival analysis, the median survival time (MST) of the
GSC-42 PSAP-NC group was 35 days. Silencing of PSAP extended the
MST to 56 and 52 days for the PSAP-KD1 and PSAP-KD2 groups, respec-
tively (Fig. 5 b). These data are consistentwith the decreased intracranial
tumor volume observed in the PSAP knockdown groups (Fig. 5 a, b).
Overexpression of PSAP in GSC-21, significantly decreased the MST of
nude mice to only 23 days (MST, control group = 35 days), which was
consistent with the larger tumor volumes observed in the PSAP overex-
pressingGSC-21groupcompared to the controlmice (Fig. 5a, c). These re-
sults clearly demonstrate that PSAP plays a role in glioma tumorigenesis.

Image of Fig. 3


Fig. 4. PSAP overexpression promoted glioma proliferation in vitro. a, b, c: Lentiviral-based PSAP or empty vector were transfected into SNB19 and GSC-21. The effects of overexpression
were detected by western blot (a), qPCR (b) and ELISA (c). d: SNB19 (left) and GSC-21 (right) cell viability increased after PSAP overexpression as measured by the MTS assay. e: The
proliferation of SNB19 and GSC-21 increased following PSAP overexpression as measured by the EdU incorporation assay, scale bar = 100 μm. f: The self-renewing capacity of GSC-21
increased after PSAP overexpression as determined by the neurosphere formation assay, scale bar = 20 μm. All data are shown as the mean ± S.D. (3 experiments). *P, 0.05; **P, 0.01;
***P, 0.001. (t-test).
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3.4. PSAP regulates the NF- κB signaling pathway through the TLR4 signal-
ing pathway

To explore the specific signaling pathways involved in PSAP medi-
ated effects in glioma, we performed Gene Set Enrichment Analysis
(GSEA) based on the TCGA and CGGA glioma databases and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis based on TCGA. We
found that higher PSAP expression was associated with the TLR signal-
ing pathway (Fig. 6 a, b). Although Lrp1, a low-density lipoprotein, is
one of the known receptors for PSAP, further analysis showed that
there was the highest correlation between the expression of PSAP and
TLR4 in the TCGA and CGGA glioma datasets compared to other TLRs
or Lrp1 (Fig. 6 c, d). Therefore, we selected the TLR signaling pathway
as a possible pathway involved in PSAP regulation. Furthermore, the
qPCR analysis demonstrated that there was a significant correlation
between PSAP and TLR4 expression in the clinical glioma specimens
(Fig. 6 e).

Since PSAP is a secretory protein and TLR4 is a membrane protein,
we investigated whether there was a direct association between these
two proteins. CoIP was used to determine direct binding between

Image of Fig. 4


Fig. 5. PSAP regulates glioma tumorigenesis. a: Representative photographs show the intracranial tumor size in the coronal position. PSAP knockdown inGSC-42 decreased the intracranial
tumor size whereas PSAP overexpression in GSC-21 increased the intracranial tumor size, n scale bar=10mm. b: Kaplan–Meier survival curves show that PSAP knockdown increased the
survival time of GSC-42 tumor-bearing mice (n= 5). c; Kaplan–Meier survival curves show that PSAP overexpression in group reduced the survival time of GSC-21 tumor bearing mice
(n = 5). *P, 0.05; **P, 0.01; ***P, 0.001. (t-test).

Fig. 6. PSAP participates in the TLR4 signaling pathway. a: Gene set enrichment analysis (GSEA) indicates that high expression of PSAP is associatedwith the TLR signaling pathway in both
the TCGA and CGGA databases. b: Kyoto Encyclopedia of Genes and Genome (KEGG) analysis suggests that PSAP participates in the TLR signaling pathway in TCGA database. c: TCGA
analysis shows the correlations for TLRs/PSAP and Lrp1/PSAP. d: There is a positive correlation between PSAP and TLR4 in the TCGA and CGGA database (r = 0.5847, p b 0.0001 and r
= 0.3638, p b 0.0001 respectively, Pearson correlation analysis). e: There is a positive correlation between PSAP and TLR4 in the clinical glioma specimens (r = 0.7342, p b 0.0001,
Pearson correlation analysis).
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Image of Fig. 5
Image of Fig. 6


Fig. 7. PSAP regulates NF-κB signaling pathway via TLR4 activation in glioma. a: PSPA and TLR4 levels inGSC-42 cell lysatesweremeasured bywestern blot following immunoprecipitation
(IP) with PSAP (A) or TLR4 (B) antibodies. b: PSAP and TLR4 co-localize in the glioma cell membrane as demonstrated by immunofluorescence, scale bar = 50 μm. c: PSAP modulation
affects the expression and nuclear translocation of P65 in glioma cells as measured by immunofluorescence, scale bar = 50 μm. d, e: PSAP overexpression (d) and knockdown
(e) regulated the secretion of pro-inflammatory cytokines in glioma cells as measured by ELISA. f, g: PSAP overexpression (f) or knockdown (g) alters the relative P65-mediated
luciferase activity after TLR4 knockdown. All data are shown as the mean ± S.D. (3 experiments). *P, 0.05; **P, 0.01; ***P, 0.001. (t-test).
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PSAP and TLR4. Both TLR4 and PSAP were detected in the two CoIP as-
says (Fig. 7 a). Furthermore, PSAP and TLR4 co-localized in the cell
membrane of glioma cells as determined by immunofluorescence. This
co-localization became more evident after PSAP overexpression in
both SNB19 and GSC-42 cells and was significantly decreased in U87
and GSC-21 cells upon PSAP silencing (Fig. 7 b). The binding of a ligand
to TLR4 can result in TLR4 dimerization and recruitment of myeloid dif-
ferentiation primary response gene 88 (MyD88) or Toll-interleukin
receptor-domain-containing adapter-inducing interferon-β (TRIF) and
other adapter proteins. Importantly, MyD88-mediated activation of
the NF-κB signaling pathway can induce tumor inflammation and pro-
mote tumor development, and the MyD88-dependent pathway can
contribute to glioma proliferation [28,35]. Therefore, NF-κB and IRF3
luciferase reporter assays were performed. Following TLR4 silencing,
the relative P65-mediated luciferase activity was decreased in both
the PSAP-overexpressing GSC-21 and PSAP-silenced GSC-42 cells, but
there was no detectable change in IRF3-mediated luciferase activity
(Fig. 7f, g). In addition, we used immunofluorescence to detect changes
in P65 expression and location following PSAP regulation. We found
that the expression and nuclear localization of P65 were weakened
after PSAP silencing in U87 andGSC-42 but increased after PSAP overex-
pression in SNB19 and GSC-21(Fig. 7 c). Then we used western blotting
to determine the relationship between PSAP and the main regulators of
the NF-κB signaling pathway. We found that the expression of MyD88,
p-P65, p-IκBα, p-IKKα/β and TBS1 were significantly downregulated
after PSAP silencing in U87 and GSC-42 (Fig. 8 a, b). Conversely, the

Image of Fig. 7


Fig. 8. PSAP regulates NF-κB signaling pathway in glioma. a, c: PSAP knockdown (a) or overexpression (c) alters the levels of NF-κB downstream targets as measured bywestern blotting.
The western blots shown are representative of three independent experiments. b, d: Densitometric analysis (arbitrary units) of the results in a and c. Densitometry for PSAP and the
downstream targets are expressed relative to the loading control, β-actin. Densitometry data are shown as the mean ± S.D. relative to the respective negative control or vector control
cells as appropriate (3 experiments). *P, 0.05; **P, 0.01; ***P, 0.001. (t-test).
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expression of these molecules was significantly upregulated following
PSAP overexpression in SNB19 and GSC-21 (Fig. 8 c, d). Finally, ELISA
was performed to measure the levels of secreted pro- and anti-
inflammatory cytokines regulated by NF-κB or IFR3. The results showed
that the secretion of the NF-κB-regulated cytokines (i.e., IL1β, IL6, IL8,
IL10, IP-10, MCP1, and RANTES) were all decreased after PSAP knock-
down and increased after PSAP overexpression. However, there was
no change in IFN- β secretion, which is regulated by IRF3 (Fig. 7 d, e).
These data suggest that PSAP can bind to TLR4 and activate MyD88-
dependent signaling and the NF- κB signaling pathway.

3.5. Inhibition of TLR4 can block the proliferation and growth of glioma by
PSAP

To further verify the role of TLR4 in promoting the proliferative ef-
fects of PSAP in glioma, we treated PSAP-overexpressing or empty vec-
tor control GSC-21 and SNB19 cells with a TLR4-specific inhibitor (TAK-
242). TAK-242 can competitively bind to the TIR segment and block the
activation of TLR4 induced by TIRAP and TRAM binding [36]. TAK-242
reduced the proliferation of PSAP overexpressing GSC-21 and SNB19
cells compared to the vehicle control group (Fig. 9 a, b, c). In addition,
TAK-242 decreased the number and size of neurospheres from PSAP
overexpressing GSC-21 cells compared to the vehicle control group
(Fig. 9 d). The effect of TAK-242 treatment on the expression of TLR4
and the main regulators of the NF- κB signaling pathway was deter-
mined by western blotting. The results showed that the expression of
myD88, p-P65, p-IκBα, and p-IKKα/β was decreased in PSAP overex-
pressing GSC-21 and SNB19 cells following TAK-242 treatment (Fig. 9
e). Therefore, the proliferative effects of PSAP on glioma are dependent
on TLR4-mediated activation of the NF- κB signaling pathway.

4. Discussion

In addition to its role in prostate, breast, and gallbladder cancer
[13,27,37,38], secretory PSAP may be involved in the development of
glioma due to its neurotrophic effects [19,23]. By evaluating the
expression and secretion of PSAP in clinical glioma specimens and cell
lines using a panel of detection methods, we found that PSAP was
expressed higher in glioblastoma and glioma compared to normal
brain tissue [25,39]. Furthermore, Kaplan-Meier survival analysis re-
vealed that the median survival time of patients with higher PSAP ex-
pression was significantly shorter than that of patients with lower
PSAP expression. These data suggest that PSAP may play an important
role in the development of glioma.

To demonstrate the growth promoting effects of PSAP in gliomas, es-
pecially glioma stem cells, we used patient-derived glioma stem cells
and glioma tumor cell lines to determine the effect of PSAP modulation
on glioma proliferation. We found that PSAP overexpression promoted
tumor growthwhereas PSAP silencing inhibited growth. Orthotopic xe-
nograft studies confirmed the effects of PSAPmodulation on glioma cell
growth and tumorigenesis. However, the survival times ofmice injected
with GSC-21 and GSC-42 are similar while the tumors formed by GSC-
42 are almost 2.5 times larger than GSC-21. Since we didn't perform
the xenograft experiment of GSC-42 and GSC-21 simultaneously, there
would be several factors affecting the survival time of nude mice beside
the tumor volume, such as the resistant capacity of nude mice to the
injected glioma and the different living environment. What's more,
the differences of proliferative and invasive capacities of glioma stem
cells may play a key role in survival times.

There have been several published reports that found that PSAP
could stimulate the production of thrombospondin-1 (TSP-1) in the
tumor microenvironment of breast, prostate, lung, and ovarian cancer
[40,41]. Because TSP-1 can inhibit angiogenesis and induce tumor cell
apoptosis via the cell surface receptor CD36, PSAP functions as a
tumor suppressor protein in those cancer settings [42]. Our experiments
demonstrated that in glioma, TSP-1 expression did not noticeably
change after PSAP overexpression or knockdown. Therefore, our results
suggest that PSAP is truly involved in promoting glioma proliferation
and growth without stimulating TSP-1 production.

To explore the exact mechanism of the PSAP proliferative effects in
glioma, we performed GSEA and KEGG analysis based on the TCGA
and CGGA glioma databases. The results suggested that higher PSAP
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Fig. 9. TLR4 antagonist TAK-242 abrogates the proliferation promoting effects of PSAP. a: TAK-242 decreases the growth of PSAP overexpressing SNB19 and GSC-21 cells as measured by
theMTS assay. b, c: The effects of TAK-242 on the growth of PSAPoverexpressing and empty control SNB19 andGSC-21 cellsmeasured by the EdU incorporation assay, scale bar=100 μm.
d: TAK-242 decreases the self-renew capacity of PSAP overexpressing GSC-21 cells in the neurosphere formation assay, scale bar= 20 μm. e: TAK-242 alters NF-κB downstream targets in
PSAP overexpressing SNB19 and GSC-21 cells as measured by western blotting. All data are shown as the mean ± S.D. (3 experiments). *P, 0.05; **P, 0.01; ***P, 0.001.
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expression may be involved in the regulation of the Toll-like receptor
signaling pathway. Further analysis revealed that therewas a significant
positive correlation between PSAP and TLR4 in multiple glioma data-
bases and our clinical glioma specimens. Because PSAP is a secretory
protein and TLR4 is a typical receptor protein, we hypothesized that
PSAP bound to TLR4. Amazingly, immunofluorescence staining showed
co-localization of PSAP and TLR4, and CoIP experiments confirmed that
PSAP could bind to TLR4.

As a pattern recognition receptor, TLR4 can identify pathogen-
associated molecular patterns (PAMPs), such as lipopolysaccharide,
and damage-associatedmolecular patterns (DAMPs) [30,43,44]. The ac-
tivation of TLR4 can lead to its dimerization, activation of the MyD88-
dependent or -independent NF-κB signaling pathway, participation in
the regulation of the tumor immune response, inflammatory response,
and promotion of tumor growth, invasion, and other functions [45,46].
Possibly due to the ineffective of TLR4 knocking down, there have no
discernible effect on NF-κB activity in both GSC-21 and GSC-42 cells ex-
pressing endogenous levels of PSAP. However, after PSAP overexpres-
sion or silence in TLR4 knocking down GSC-21 or GSC-42, the
dependent effect of TLR4 became obviously and the luciferase reporter
assays showed that PSAP binding to TLR4 could lead to the activation
of MyD88-dependent NF-κB, and not MyD88-independent IRF3. West-
ern blotting also showed PSAP overexpression could significantly in-
crease the expression levels of MyD88, p-P65, p-IκBα, and p-IKKα/β,
and the nuclear translocation of P65. The opposite resultswere obtained
after PSAP silencing. These results are further supported by the finding
that PSAP overexpression induced the expression of cytokines and in-
flammatory factors that are mainly regulated by the NF- κB signaling
pathway (IL1β, IL6, IL8, IL10, IP10, MCP-1, and RNATES). Furthermore,
recent studies have shown that inflammation, especially the secretion
of many cytokines and chemokines in the tumor microenvironment,
plays an important role in the occurrence, development, and prognosis
of glioma [47–50]. For example, IL-1β expression can promote the pro-
liferation of glioma cells through the ERK and JNK signaling pathways
[51,52]. IL-6 can promote the proliferation of glioma cells through the
JAK2/STAT3 signaling pathway [31,53]. IL-8 participates in the prolifer-
ation and invasion of glioma through the PI3K/AKT/JAK2/STAT3 path-
way [54]. IL-10 may contribute to glioma progression by suppressing
the immune response [55]. The TLR4-specific blocking agent, TAK-242,
confirmed that the effects of PSAP on glioma growth and the NF-kB sig-
naling pathway are mediated through TLR4. Therefore, PSAP binding to
TLR4may lead to the activation of the Myd88-dependent NF-κB signal-
ing pathway and promote the growth of glioma through the release of
inflammatory factors.

In summary, we found that secretory neurotrophic factor PSAP is
overexpressed in glioma, and can bind to TLR4 to activate the Myd88-
dependent NF-κB signaling pathway, which may induce the synthesis
and secretion of inflammatory factors and promote the growth of
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glioma stem cells and tumor cells. Therefore, PSAPmay be an important
target for inhibiting glioma growth and improving glioma prognosis.
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