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NKAP alters tumor immune
microenvironment and promotes glioma
growth via Notch1 signaling
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Abstract

Background: Glioma is one of the most aggressive malignant brain tumors which is characterized with highly
infiltrative growth and poor prognosis. NKAP (NF-κB activating protein) is a widely expressed 415-amino acid
nuclear protein that is overexpressed by gliomas, but its function in glioma was still unknown.

Methods: CCK8 and EDU assay was used to examine the cell viability in vitro, and the xenograft models in nude
mice were established to explore the roles of NAKP in vivo. The expressions of NKAP, Notch1 and SDF-1 were
analyzed by immunofluorescence analysis. The expression of NKAP and Notch1 in glioma and normal human brain
samples were analyzed by immunohistochemical analysis. In addition, CHIP, Gene chip, western blot, flow
cytometry, immunofluorescence, ELISA and luciferase assay were used to investigate the internal connection
between NKAP and Notch1.

Results: Here we showed that overexpression of NKAP in gliomas could promote tumor growth by contributing to
a Notch1-dependent immune-suppressive tumor microenvironment. Downregulation of NKAP in gliomas had
abrogated tumor growth and invasion in vitro and in vivo. Interestingly, compared to the control group, inhibiting
NKAP set up obstacles to tumor-associated macrophage (TAM) polarization and recruitment by decreasing the
secretion of SDF-1 and M-CSF. To identify the potential mechanisms involved, we performed RNA sequencing
analysis and found that Notch1 appeared to positively correlate with the expression of NKAP. Furthermore, we
proved that NKAP performed its function via directly binding to Notch1 promoter and trans-activating it. Notch1
inhibition could alleviate NKAP’s gliomagenesis effects.

Conclusion: these observations suggest that NKAP promotes glioma growth by TAM chemoattraction through
upregulation of Notch1 and this finding introduces the potential utility of NKAP inhibitors for glioma therapy.
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Background
Glial-derived gliomas account for the vast majority of
malignant brain tumors [1]. Researches have shown that
27% of all brain tumors and 80% of all malignant brain
tumors in the USA are gliomas [2, 3]. Malignant gliomas
have an incidence rate of 5.26 per 100,000 inhabitants,
and approximately 17,000 new cases are diagnosed per

year. The National Cancer Institute (NCI) estimated that
brain malignancies constitute 23,800 cases, with 16,700
deaths per year [4]. Gliomas are classified as grade I to
IV depending on their histopathological and genetic
characteristics [5]. Considering the unfavorable progno-
sis and poor quality of life associated with gliomas,
clarifying the molecular mechanisms would provide a
theoretical basis for developing effective treatment
strategies or identifying new therapeutic targets.
NKAP (NF-κB activating protein) is a widely expressed

415-amino acid nuclear protein that is evolutionarily
conserved in mammals [6]. Self-evidently, NKAP was
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first discovered in inflammatory and immunological
process. Recently, some studies showed that NKAP
played a more important role in immune system via
inhibiting Notch-mediated transcription instead of NF-
kB signaling. Loss of NKAP transcriptionally activated
Notch target genes and blocked αβ T cell development
at the double-negative 3 (DN3) to double-positive (DP)
transition [8]. Besides NKAP was crucial for invariant
natural killer T (iNKT) cell development [9] as well as
their proliferation and differentiation into ROR-γt-
expressing NKT17 cells [10]. Additional to the functions
in the immune system, NKAP was critical for
hematopoietic stem cell maintenance and [11] neurogen-
esis [12]. Knockdown of the Drosophila melanogaster
gene CG6066, an NKAP ortholog, led to over prolifera-
tion of D. melanogaster neural precursor cells, resulting
in lethal tumor formation [13]. On the other hand, in
the mammals NKAP was almost ubiquitously expressed
throughout the brain and is strongly expressed in
progenitor cells near the subventricular zone (SVZ)
neural stem cell (NSC) niche but lowly expressed in glial
cells and differentiated cells. Its expression at different
positions in the brains of mice was consistent with
Notch1 expression during the process of neurogenesis
[13]. Considering increased expression of stemness re-
lated genes are usually pronounced in the malignancy,
the role of NKAP in tumors, especially in nervous sys-
tem tumors, has never been reported.
As mentioned above, in addition to NF-κB signaling,

the most widely reported molecule targeted by NKAP is
the Notch receptor. It is well known that the Notch sig-
naling pathway plays important roles in different tissue
developmental processes, such as cell differentiation,
survival, and proliferation [14], and is also involved in
tumorigenesis [15], such as cervical, colon, head and
neck, lung, and renal carcinoma and pancreatic and
breast cancer [16]. Notch1 signaling is activated via jux-
tacrine binding of an adjacent cell’s Delta-like or Jagged
ligand. Then, the Notch intracellular domain (NICD)
translocates into the nucleus and binds to members of
the CSL transcription factor family [17]. The function of
Notch signaling in tumorigenesis, either oncogenic or
tumor-suppressive, largely depends on the cellular con-
text. Previous research has shown that Notch1 is upreg-
ulated in many glioma cell lines and primary human
gliomas. It promotes glioma cell survival, proliferation,
migration and invasion [18, 19]. Notch1 is also associated
with tumor progression [20, 21]. In particular, increased
expression of Notch1 is correlated with increasing grades
of glioma malignancy [22].
In this study, we provided the first evidence showing

the functional roles of NKAP in gliomas by targeting
Notch1 signaling. Although NKAP inhibited the Notch1
downstream pathway in the immune system, our study

revealed that it activated the Notch signaling in gliomas.
NKAP silencing significantly inhibited the proliferation,
migration and invasion of glioma cells, whereas overex-
pression of NKAP induced aggressive cellular behavior.
We also observed that NKAP played the same role in
vivo as in vitro. Additionally, the abovementioned effects
of NKAP were achieved by targeting Notch1 signaling.
When the Notch1 pathway was inhibited by RNA inter-
ference, the effects induced by upregulating NKAP were
reduced. Most importantly, we found that NKAP could
alter the polarization and infiltration of tumor associated
macrophages (TAM) via regulating secretion of SDF-1
and M-CSF, indicating that NKAP might contribute to
the immune microenvironment of gliomas. Taken to-
gether, it is concluded that NKAP performs its onco-
genic functions via Notch1 signaling, and this finding
provides a novel perspective to find potential therapeutic
targets for gliomas.

Experimental methods
Cell lines and tissue samples
Glioma cell lines U251, U87 and Gl261 were obtained
from the Cell Bank of Type Culture Collection of
Chinese Academy of Sciences (Shanghai, China) and cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM;
HyClone, Logan, UT, USA) with high glucose and
sodium pyruvate, supplemented with 12% fetal bovine
serum (FBS; Gibco, Life Technologies, Carlsbad, CA,
USA), 100 units/mL penicillin and 100 μg/mL strepto-
mycin (Invitrogen, Life Technologies) at 37 °C with 5%
CO2. 90 GBM specimens and 12 normal human brain
specimens were obtained from the Department of
Neurosurgery at Provincial Hospital affiliated to Shan-
dong University. Ethical approval was obtained from
Shandong University Ethics Committee, and all of the
patients provided written informed consents.

Cells transfection with lentiviruses
Lentiviruses carrying shRNA targeting human NKAP
lentiviral vectors (the pGCSIL-GFP-shRNA-NKAP or
pLKD-CMV-Puro-U6-shRNA-NKAP) were from Gene-
Chem. U87, U251 or GL261 cells (2 × 105 per well) were
cultured in a six well plate the day before transfection.
The lentiviruses or siRNA were transfected into the cells,
according to the manufacturers’ introduction. siRNA
target sequence is GACGAAAGAGAGAGAACAA.

Immunohistochemistry (IHC)
Tissue samples were fixed in 4% paraformaldehyde,
paraffin embedded and serially sectioned into 5-μm-
thick sections. IHC staining was performed using the
standard avidin-biotin complex method. The primary
antibodies used in the study were as follows: anti-
NKAP (Abcam, Cambridge, MA, USA) and anti-
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Notch1 (Notch intracellular domain 1, NICD1) (Cell
Signaling and Technology, Boston, MA, USA). Immu-
nohistochemistry results were evaluated by a
semiquantitative approach used to assign an H-score
(or “histo” score). Firstly, the staining score was
determined by the intensity of positive staining (no
staining = 0; weak staining = 1; moderate staining = 2;
strong staining = 3). Then the percentage of cells at
each staining intensity level was calculated. An H-
score was assigned using the following formula:
[1 × (% cells 1+) + 2 × (% cells 2+) + 3 × (% cells 3+)].
The H score, ranging from 0 to 300, represented
higher weight for higher-intensity staining in a given
sample. In this study, the median of H score is 157.

Western blot analysis and ELISA
Total proteins were extracted using lysis buffer contain-
ing 10 mmol/L Tris-HCl (pH 7.4), 1% Triton X-100 and
protease/phosphates inhibitors (Roche Diagnostics,
Indianapolis, IN, USA), separated by 10% SDS-PAGE gel
electrophoresis, transferred to polyvinylidene difluoride
(PVDF) membranes and probed with primary antibodies.
The membranes were subsequently probed with
horseradish peroxidase-conjugated secondary antibodies
followed by development using an enhanced chemilu-
minescence detection system (Pierce, Rockford, IL, USA).
Anti-GAPDH antibody was used to monitor the loading
amount. M-CSF ELISA were performed according to the
manufacturer’s instructions (Abcam, USA).

Quantitative reverse transcription PCR (qRT-PCR)
Trizol reagent (Gibco, Birmingham, MI, USA) was used
to extract RNA. The concentration and purity of RNA
were determined by measuring the absorbance at 260
nm and the absorbance ratio of 260/280 nm in a Nano-
Drop 8000 Spectrophotometer (Thermo Scientific, Wil-
mington, DE, USA). A PrimeScript RT reagent kit with
gDNA Eraser (Takara, Japan) was used to synthesize the
cDNA. An ABI 7300 Fast Real-time PCR System
(Applied Biosystems, Carlsbad, CA, USA) and an SYBR
Green PCR kit (Applied Takara, Japan) were used for
real-time PCR. The primer sequences were as follows:

NKAP Forward 5′-GGATCCTCACTTGTCATCCTTC
CCTTTG-3′.

Reverse 5′-GAATTCATGGCTCCTGTATCGGGCTC -3′.
NOTCH1 Forward 5′-AAGCTGCATCCAGAGGCA

AAC-3′.
Reverse 5′-TGGCATACACACTCCGAGAACAC-3′.
NOTCH2 Forward 5′-GTTACAGCAGCCCTTGCC

TGA-3′.
Reverse 5′-CCATGGATACAAGGGTTACTTGCAC-3′.
NOTCH3 Forward 5′-ATCGGCTCGGTAGTAATGC

TG-3′.

Reverse 5′-ACAACGCTCCCAGGTAGTCA-3′.
NOTCH4 Forward 5′-TGCGAGGAAGATACGGAG

TG-3′.
Reverse 5′-GGACGGAGTAAGGCAAGGAG-3′.
CCND1 Forward 5′-GGGCCACTTGCATGTTCGT-3′.
Reverse 5′-CAGGTTCCACTTGAGCTTGTTCAC-3′.
CTNNB1 Forward 5′-GAGTGCTGAAGGTGCTATC

TGTCT-3′.
Reverse 5′-GTTCTGAACAAGACGTTGACTTGGA-3′.
DVL2 Forward 5′-GACATGAACTTTGAGAACATG

AGC-3′.
Reverse 5′-CACTTGGCCACAGTCAGCAC-3′.
HES1 Forward 5′-GGACATTCTGGAAATGACAGT

GA-3′.
Reverse 5′-AGCACACTTGGGTCTGTGCTC-3′.
N-cadherin Forward 5′-CTCCTATGAGTGGAACAG

GAACG-3′.
Reverse 5′-TTGGATCAATGTCATAATCAA
GTGCTGTA-3′.
Twist1 Forward 5′-AGCTACGCCTTCTGGTCT-3′.
Reverse 5′-CCTTCTCTGGAAACAATGACATC-3′.
Vimentin Forward 5′-AGATCGATGTGGACGTTT

CC-3′.
Reverse 5′-CACCTGTCTCCGGTATTCGT-3′.
SDF-1 Forward 5′- TCTCCATCCACATGGGAGCCG-3′.
Reverse 5′- GATGAGGGCTGGGTCTCACTCTG-3′.
GAPDH Forward 5′-GCACCGTCAAGGCTGAG

AAC-3′.
Reverse 5′-TGGTGAAGACGCCAGTGGA-3′.

RNA sequencing
Total RNA was extracted using Trizol (Invitrogen) and
treated with DEPC water. After RNA quality examin-
ation, A total amount of 2 μg RNA per sample was used
as input material for the RNA sample preparations.
Sequencing libraries were generated using NEBNext®
Ultra™ RNA Library Prep Kit for Illumina® (#E7530L,
NEB, USA) following the manufacturer’s recommenda-
tions and index codes were added to attribute sequences
to each sample. RNA concentration of library was
measured using Qubit® RNA Assay Kit in Qubit® 3.0 to
preliminary quantify and then dilute to 1 ng/μl. Insert
size was assessed using the Agilent Bioanalyzer 2100
system (Agilent Technologies, CA, USA), and qualified in-
sert size was accurate quantification using StepOnePlus™
Real-Time PCR System (Library valid concentration>10
nM). The clustering of the index-coded samples was
performed on a cBot cluster generation system using
HiSeq PE Cluster Kit v4-cBot-HS (Illumina) according to
the manufacturer’s instructions. After cluster generation,
the libraries were sequenced on an Illumina Hiseq 4000
platform and 150 bp paired-end reads were generated.
The mRNA sequencing assay was achieved by Annoroad
Gene Technology Co., Ltd., Beijing, China.
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Cell proliferation
Cell proliferation was determined using a Cell Counting
Kit-8 (CCK-8) assay kit (Dojindo, Japan) and a cell-light
5-ethynyl-2′-deoxyuridine (EdU) Apollo Imaging Kit
(Ribobio, Guangzhou, China). For the CCK-8 assay, U87
and U251 cells were seeded into 96-well plates for 0, 24,
48, and 72 h at a density of 3000 cells per well. Then,
10 μL CCK-8 solution was added to each well and incu-
bated with the cells for 2 h. Absorbance was detected at
450 nm using a microplate reader (Bio-Rad, Hercules,
CA, USA). EdU immunocytochemistry staining was
performed by using a Cell-Light™ EdU Apollo In Vitro
Imaging Kit (Ribobio, Guangzhou, China) at 24 h after
the cell was plated into 96-well plates. The EdU-positive
cells were visualized under a fluorescence microscope
(Olympus, Tokyo, Japan).

Cell migration and invasion assay
To assess the migration and invasion ability of glioma
cells in vitro, migration and invasion assays were
performed using transwell chambers with 8-μm pores
(Corning star, Lowell, MA, USA). For the migration
assay, 1000 transfected cells were suspended in 200 μL
serum-free medium and added to the upper transwell
chamber. After incubation for 12 h in a humidified at-
mosphere containing 5% CO2 at 37 °C, the migrated cells
that had stuck to the lower surface of the membrane
were fixed in 4% paraformaldehyde and stained with
0.1% crystal violet for 5 min. The number of migrated
cells was counted in five randomly selected fields at
200× magnification using a microscope. For the invasion
assay, the transwell chambers were coated with Matrigel
(BD Bioscience), and same procedures as those for the
migration assay were followed.

Luciferase reporter assay
Cells were plated in 48-well plates, transfected with the
reporter plasmid pGL2-Notch1 promoter-Luc and
together with an siRNA-NKAP or control expression
vector. Luc activities were determined using a luciferase
assay system (Promega, Madison, WI, USA) over a
period of 24 h.

Chromatin immunoprecipitation (ChIP)
U87 cells were cross-linked with 1% formaldehyde and
quenched by adding 125mM glycine. Chromatin was iso-
lated by adding cell lysis buffer (1% SDS, 10mM EDTA,
50mM Tris-HCl, pH 8.1, 1 mM PMSF), and DNA were
sheared into fragments of 300–500 bp by sonication. Ly-
sates were pre-cleared for 1–2 h using Salmon Sperm
DNA/Protein A Agarose (EMD Millipore, Billerica, MA,
USA), after which precipitation was induced using anti-
H3K27me3 (Cell Signaling and Technologies, Boston,
MA, USA) or anti-NKAP (Abcam). An isotype-matched

IgG was used as a negative control. To reverse the DNA
cross-linking, the precipitates were incubated with
pronase for 2 h at 42 °C and 68 °C for 8 h. The Notch1
promoter DNA in the immunoprecipitation was detected
by qRT-PCR and agarose gel electrophoresis. The
following primers were used:

NOTCH1 promoter 1 Forward 5′-GGCT
CCTCCGCTTATTCACAT-3′

Reverse 5′-CGCCTGGGACTACTTCTCGT-3′.
NOTCH1 promoter 2 Forward 5′-CTAT

GGCAGGCATTTTGGACT-3′
Reverse 5′-GCTGATTTATTTCTCCACCACGA-3′.
NOTCH1 promoter 3 Forward 5′-TAGG

TCCCTCCCAGCCTTT-3′
Reverse 5′-GCTGATTTATTTCTCCACCACGA-3′.

Flow cytometry
Transfected cells were detached with trypsin and washed
1–2 times with cold phosphate-buffered saline (PBS).
The cells were fixed with cool 70% ethanol at room
temperature, and then washed again with PBS. The cells
were immediately stained with propidium iodide using a
BD Cycletest Plus DNA reagent kit (BD Biosciences, San
Jose, CA, USA) following the manufacturer’s protocol.
Analyses of cell cycle were performed using a FACS
Calibur Flow Cytometer (Beckman Coulter, Atlanta, GA,
USA).

Establishment of macrophage, co-incubate and flow
cytometry analysis
THP-1 cells were cultured in RPMI-1640 medium with
10% fetal bovine serum and 100 ng/ml Phorbol-12-
myristate-13-acetate (PMA) for 72 h. The adherent
THP-1 Cells induced by PMA were co-incubated with
U87 cells stained with GFP fluorescence for 48 h. The
THP-1 cells were then sorted and harvested by a SONY
SH800 Cell Sorter. After washed by PBS twice, the sorted
cells were incubated with Alexa Fluor® 647-conjugated
anti-human CD206, Phycoerythrin-conjugated anti-
human CD80, (all 1:100, Abcam). Multiple-color FACS
analysis was performed using a FACS Calibur Flow
Cytometer (Beckman Coulter, Atlanta, GA, USA) and
analyzed by FlowJo software (TreeStar, San Carlos, CA).

In vivo experiments
All experimental animal procedures were conducted
strictly in accordance with the Guide for the Care and
Use of Laboratory Animals and approved by the Animal
Care and Use Committee of the Shandong provincial
hospital affiliated to Shandong University. The male
BALB/c nude mice were randomized divide into four
groups in a blinded manner, each group including five
4-weeks-old nude mice. Two groups were used for
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subcutaneous xenograft study, and the other two
groups were used for stereotactic intracranial tumor
implantation.
For subcutaneous xenograft study, 5 × 105cells were

subcutaneously injected in the right flanks of nude mice.
For stereotactic intracranial tumor implantation, 5 ×
105cells glioma cells were harvested by trypsinization,
counted, and resuspended in culture medium. Mice were
anesthetized by intraperitoneal administration of
ketamine (132 mg/kg) and implanted using a stereotactic
head frame at a depth of 3 mm through a bur hole
placed 2 mm lateral and 0.5 mm anterior to the bregma.
For histopathologic analysis, the mice brain were made
into frozen sections with 8-μm thickness. Slides were
incubated overnight at 4 °C with primary antibodies
(anti-NKAP diluted at 1:100).
For study of tumor microenvironment, tissue was

minced and digested with trypsin for 20 min at 37 °C.
The homogenate was then filtered through a 40 μm filter
and prepped using Fixation/Permeabilization solution
according to the manufacturer’s instructions (BD Phar-
mingen. San Diego, CA). Cells were then incubated with
FITC conjugated anti-mouse TMEM119 antibody, APC
conjugated anti-mouse Gr-1 antibody, FITC conjugated
anti-mouse Neutrophil (Ly-6B) antibody and FITC
conjugated anti-mouse CD11b antibody prior to FACS
analysis.

Statistical analysis
Quantitative data were expressed as the mean ± standard
deviation (SD). Significance was tested by one-way ana-
lysis of variance (ANOVA) or two-tailed t-tests among
various groups. For in vivo studies, Kaplan-Meier curve
and log-rank analyses were conducted using MedCalc
software (Mariakerke, Belgium). P < 0.05 was considered
statistically significant.

Results
NKAP affected the viability of glioma cells
To elucidate the functions of NKAP in gliomas, we
firstly tested the effects of NKAP on glioma cell growth.
We infected both U87 and U251 glioma cells with the
lentiviruses expressing GFP and siRNA of NKAP.
Nonspecific lentiviral vectors were used as the negative
control. qRT-PCR and western blot analysis indicated a
decrease by approximately 70% in the si-NKAP-infected
cells compared with the scrambled siRNA-infected cells
(Fig 1a, Additional file 1: Figure S1).
An CCK8 cell viability assay was applied to evaluate

whether NKAP could affect the viability of glioma cells.
As depicted in Fig. 1b, depletion of NKAP resulted in a
significant inhibition of U87 and U251 cell proliferation.
The EDU assay results also supported this phenomenon
(Fig. 1c). In addition, cell cycle flow cytometry showed

that depletion of NKAP resulted in a marked inhibition
of the S phase among glioma cells (Fig. 1d). The S phase
decreased in both two cell lines which indicated prolifer-
ation inhibition, but changes of G1 phase were different.
These would suggest that the proliferation of two cell
lines were both inhibited, but the cell cycle progressions
were stuck in different phases. Li et al. has reported that
U87 cells exhibited a greater capacity for proliferation
and invasion than U251 cell. In addition, by using gene
chip analysis, they found that different biological
functions existed between the U87 and U251 cell lines
[23]. These may explain this interesting phenomenon.
Collectively, these data suggested that NKAP was indeed
involved in the proliferative ability of gliomas by indu-
cing G1/S arrest, especially in U87 cells.

NKAP promoted the migration, invasion and EMT of
glioma cells
To further investigate whether NKAP was related to
glioma cell migration and invasion, we used a transwell
assay to examine the effects of NKAP on U87 and U251
cell movement. As shown in Fig. 2a, NKAP knockdown
led to significantly fewer migrating or invading cells than
transfection with a scrambled vector (Fig. 2a). Epithelial-
to-mesenchymal transition (EMT) is regarded as the key
step, which particularly involves changes in cell-cell and
cell-matrix interactions [24, 25]. To verify whether
NKAP participated in EMT of glioma cells, we detected
the mRNA levels of several representative EMT markers.
As the results shown in Fig. 2b, the expression levels of
mesenchymal markers such as N-cadherin, Twist1 and
Vimentin were significantly decreased in both U87 and
U251 cells knockdown with NKAP (Fig. 2b). Immuno-
blotting also confirmed this phenomenon (Fig. 2c), evi-
dently suggesting the important role of NKAP in glioma
cell migration and invasion.

Knockdown of NKAP attenuated the growth of gliomas in
vivo
Considering the in vitro involvement of NKAP in glioma
cell proliferation, invasion, migration and EMT, we
extended this study to determine the impact of NKAP
on tumorigenic capabilities of gliomas in vivo. When the
U87 cells transduced with lentiviral vectors expressing
NKAP-targeting siRNA or non-targeting control siRNA
were subcutaneously implanted into the immunocom-
promised mice, we observed a significant decrease in
tumor formation in the tumor-bearing mice when
NKAP was inhibited (Fig. 3a and b). Similar results were
manifested in the intracranially injected mice (Fig. 3c),
which achieved longer survival when NKAP was down-
regulated (Fig. 3d).
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Fig. 1 Effects of NKAP expression on the viability of glioma cells. U87 and U251 glioma cell lines were infected with lentiviruses expressing GFP
and siRNA of NKAP. Nonspecific lentiviral vectors with nonspecific were used as negative controls. a. qRT-PCR assay was performed to test
knockdown efficiency. b, The growth curves of the infected glioma cells were examined using a CCK8 assay. Cell growth was inhibited by NKAP
knockdown. Data are presented as the mean ± s.d. of three independent experiments. c, An EdU staining assay was performed to test cell
proliferation. The EDU staining (red) cells showed strong proliferative activity. Quantitative analysis showed that NKAP knockdown reduced the
EdU incorporation rate. d, Cell populations in the G1, S and G2/M phases were analyzed by flow cytometry. The number of S phase cells were
decreased following NKAP knockdown in both cell lines. Scale bar = 20 μm. The results represent the mean ± s.d. of three independent
experiments. ***P < 0.001, **P < 0.01,*P < 0.05
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NKAP altered recruitment and polarization of tumor-
associated macrophages via regulating the secretion of
SDF-1 and M-CSF
It was previously reported that NAKP was closely related
to activation of the immune system. We therefore evalu-
ated its effects on tumor inflammatory responses. The
stromal cell-derived factor 1 (SDF1), also known as C-X-C
motif chemokine 12 (CXCL12), has been implicated in the
recruitment of monocytes/macrophages to the bulk of tu-
mors. Macrophage colony-stimulating factor (M-CSF), on
the other hand, is a secreted cytokine that causes macro-
phages to differentiate into tumor-associated macrophages

(TAM) by binding to the colony stimulating factor 1 re-
ceptor (CSF1R). When we looked at the tumor-stromal
boundary in the xenografted mice, a decrease in SDF-1 ex-
pression was observed in the glioma tissues knockdown of
NKAP (Fig. 4a). Consistently, the mRNA and protein
levels of SDF-1 were also down-regulated in the NKAP
depleted glioma cells (Fig. 4b, c). We subsequently co-
cultured the glioma cells with macrophages (THP-1 cell
induced by RMA). The proportion of CD206high macro-
phages (TAMs) co-cultured with NKAP knockdown U87
and U251 cells was much less than those co-cultured with
control cells, suggesting that NKAP was involved in the

Fig. 2 Effects of NKAP on the migration, invasion and EMT of glioma cells. a, Cell migration and invasion were determined by a transwell assay.
Quantitative analysis showed that NKAP knockdown reduced glioma cell migration and invasion in different cell lines. ***P < 0.005 vs. Con. Levels
of the representative EMT markers including N-cadherin, Twist1 and Vimentin were measured by qRT-PCR (b) and western blot (c) respectively.
GAPDH was used as an internal control. Scale bar = 20 μm. The results represent the mean ± s.d. of three independent experiments. ***P < 0.001,
**P < 0.01, *P < 0.05
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altered polarization of TAMs (Fig. 4d, e). We additionally
detected the cytokines released by the co-cultured glioma
cells, and found that NKAP positively controlled M-CSF
secretion (Fig. 4f). To elucidate the correlations between
NKAP and SDF1/M-CSF, we took a step further to
analyze the TCGA database. The results showed that
NKAP was indeed positively correlated with SDF1
(R = 0.27, p < 0.001) and M-CSF (R = 0.43, p < 0.001)
(Fig. 4g, h). Collectively, these results evidently sug-
gested that NKAP was involved in the recruitment
and polarization of TAMs in gliomas.

Notch1 was an NKAP target gene
To further identify the potential NKAP targets in
gliomas, we performed RNA sequencing in triplicates to
determine the gene expression profiles of the control
and NKAP knockdown cell lines (Fig. 5a). Interestingly,
Notch1 was one of the most significantly down-
regulated genes (2.7-fold decreased expression) that was
correlated with NKAP depletion. We additionally

performed GO and KEGG analysis on the differential ex-
pression profiles. The results of GO analysis showed that
NKAP was significant associated with cytokine produc-
tion involved in the immune response. The KEGG
analysis, on the other hand, indicated that NKAP was in-
deed involved in regulation of Notch signaling pathway
(Additional file 2: Figure S2). It is well established that
Notch1 signaling plays a critical role in various human
cancers including gliomas. It was also reported to trans-
activate and induce the secretion of SDF-1 and M-CSF,
contributing to an immuno-suppressive tumor micro-
environment. As such, we speculated that Notch1 might
be the potential target of NKAP in the regulation of
glioma development and progression.
To verify this hypothesis, qRT-PCR and western blot

were performed in the U251 and U87 cell lines to assess
the expressions of the genes within Notch signaling
pathway. The results showed that depletion of NKAP
significantly inhibited both the mRNA and protein ex-
pression levels of Notch1, NICD and Hes1. In contrast,

Fig. 3 Knockdown of NKAP attenuated growth of gliomas in combination with down-regulation of Notch1 in vivo. The U87 cells transduced with
a lentiviral vector expressing si-NKAP were subcutaneous and orthotopic implanted into immunocompromised mice respectively. N = 5 in each
group. a, Representative xenograft tumors at 35 days after inoculation. b, The line chart shows the estimated tumor volumes at the indicated
time. c, Representative micrographs of H&E-stained sections of mouse brain tissue 35 days after intracranial implantation of U87 cells transfected
with NKAP-siRNA or control vectors. d, Curves show the survival rates of the engrafted mice
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the levels of Notch2, Notch3 and Notch4 were moderately
regulated (Fig. 5b, c). The above results were further con-
firmed by the luciferase assay by revealing that down-
regulation of NKAP reduced Notch1 luciferase activity
(Fig. 5d). When we examined the level of Notch1 with im-
munofluorescence analysis, we could clearly detect signifi-
cant loss of Notch1 expression in the cells transfected
with sh-NKAP in comparison to the control (Fig. 5e). We
next questioned the specific mechanism of NKAP in

Notch1 trans-activation. A chromatin immunoprecipita-
tion (ChIP) assay was conducted in the U87 cells to detect
the different regions of Notch1 promoter that could
potentially bind to NKAP. Interestingly, a significant en-
richment of endogenous NKAP protein was detected at
the Notch1 promoter region 3 (Fig. 5f, Additional file 3:
Figure S3). As such, we could surmise that NKAP may
function in glioma cells via directly binding to the Notch1
promoter.

Fig. 4 NKAP altered recruitment and polarization of TAMs via regulating the secretion of SDF-1 and M-CSF. a, Representative micrographs of
mouse brain sections 35 days after intracranial implantation of U87 cells transfected with NKAP-siRNA or control vectors. Expression of SDF-1 was
inhibited in NKAP knockdown glioma tissues. Levels of SDF-1 were measured by qRT-PCR (b) and western blot (c) in the cells transfected with
NKAP-siRNA or control vectors. FACS quantification (d) and representative bar plots (e) demonstrated a decrease in the proportion of TAMs
(i.e. CD206high, CD80low) following a co-incubation with NKAP knockdown U87 and U251 cells. f, Knockdown NKAP reduced the secretion of
M-CSF in the glioma cells. g and h, Analysis of TCGA database about glioma tissues (n = 370) shows significant correlation between expressions
of NKAP and M-CSF (CSF1)/SDF-1 (CXCL12). Scale bar = 20 μm. Data are presented as the mean ± s.d. of three independent
experiments. ***P < 0.001
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When we performed an immunohistological analysis
on the paraffin-embedded brain tumor samples in the
xenografted mice. In contrast to a higher immunostain-
ing of Notch1 and SDF-1 in the gliomas derived from

the cells transduced with scrambled control shRNA, the
gliomas depleted of NKAP displayed much lower levels
of these two factors, evidently suggesting a regulatory
role of NKAP in Notch1 signaling (Fig. 5g). We took a

Fig. 5 Notch1 is a potential NKAP target gene associated with the TME of glioma. a, Gene expression profile of control and NKAP knockdown
U87 cells. Red: High level expression; Green: Low level expression. b, mRNA expression levels of Notch family and Notch signaling pathway genes
were determined by qRT-PCR. Data are presented as the mean ± s.d. of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.005 vs. Con.
c, The protein levels of NICD1 and HES1 were analyzed by western blot in the NKAP knockdown cell lines. GAPDH serves as a loading control.
d, The full length human Notch1 promoter (− 2000 bp to + 0 bp) was cloned into the luciferase reporter vector. Notch1 transcription activity was
examined after down-regulating the expression of NKAP in U87 and U251 cell lines. e, The lentiviruses carried GFP gene, so the NKAP knockdown
cells showed green fluorescence. Notch1 (red) expression was significantly decreased in the NKAP knockdown U87 cells (green). f, ChIP analysis
was performed by using antibody against NKAP with primers targeted to the promoter region of Notch1. Isotype-matched IgG was used as a
negative control. PRL30-matched H3 was used as a positive control. g, Notch1 and SDF1 expressions were significantly decreased in the NKAP
knockdown glioma tissues. h, Downregulation of NKAP reduced the proportion of CD206high macrophages in the mouse brain glioma tissues.
Scale bar = 20 μm. Data are presented as the mean ± s.d. of three independent experiments. ***P < 0.001, **P < 0.01
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step further to analyze various immune cell components
in the mouse brain tumors. The results showed that pro-
portion of CD206high macrophages was much less in the
gliomas knockdown with NKAP in comparison to
scrambled controls (Fig.5h). In addition, percentage of
myeloid-derived suppressor cells (CD11b+, Gr-1+) and
neutrophils (Ly6B+) were significantly down-regulated
(Additional file 4: Figure S4A-S4B). Considering that
CD206 is expressed in both macrophages and microglia,
we stained TMEM119, a specific marker for microglia to
determine whether NKAP recruited immune suppressive
macrophages or reprogrammed microglia. The results
showed that the proportion of TMEM119 positive
microglia was not affected by NKAP depletion
(Additional file 4: Figure S4C). Taken together, these
results evidently suggested that NKAP together with
Notch1 signaling was involved in regulation of the
immune microenvironment of gliomas.

Relevance between the expressions of NKAP and Notch1
in clinical samples
To further strengthen the evidence that Notch1 expres-
sion is correlated with NKAP in the development of gli-
omas, immunohistochemical analysis was conducted to
examine the immunostaining of both Notch1 and NKAP
in the tissue array of 90 patient samples comprising nor-
mal brain tissues as well as glioma tissues classified into
grade I, II, III, and IV. Similar to NKAP, the expression
intensity of Notch1 in the tissues was correlated with de-
grees of malignancy (Fig. 6a, b). Furthermore, a remark-
able positive correlation between these two proteins
were shown, evidently supporting Notch1 as a potential
target of NKAP in human gliomas (Fig. 6c). To assess
the epidemiological value of NKAP in glioma patients,
the 90 patients with gliomas from different pathological
grades were divided into two groups based on the rela-
tive expression levels of NKAP. The cases in which tran-
scripts were elevated to a level above the median were
classified as the high-level NKAP group. The remaining
patients were classified as the low-level NKAP group.
During the five-year follow-up period, the overall
survival of the glioma patients with high-level NKAP ex-
pression was markedly lower than that of patients with
low-level NKAP expression (Fig. 6d), suggesting that a
high level of NKAP was associated with poor prognosis
in a long round. Very similarly, the overall survival of
the glioma patients with high-level of Notch1 expression
was markedly lower than that of patients with low-level
of Notch1 expression (Fig. 6e), consistent with the report
of Engh JA [26] who previously implicated Notch1 as a
prognostic factor for glioma patients. These data
strongly suggested that NKAP could be regarded as a
significant predictor of glioma prognosis in the overall
population. Additionally, it is highly possible that the

effects of NKAP in gliomagenesis was mediated by
Notch1.

Blockage of Notch1 alleviated the effects of NKAP in
gliomas
Given that NKAP promotes glioma cell proliferation and
invasion and that Notch1 is a potential target of NKAP,
we next investigated whether Notch1 represented a
functional link for the biological changes observed in the
glioma cells with NKAP deletion. To confirm this hy-
pothesis, U87 and U251 cell lines were first transfected
with the plasmids overexpressing NKAP, which were
termed NKAP OE cells. Furthermore, we transfected
these NKAP OE cells with sh-RNA designated to
Notch1 to investigate the responses to Notch1 inhib-
ition. As expected, the efficiency of NKAP in promoting
cell viability (Fig. 7a), proliferation (Fig. 7b) and invasion
(Fig. 7c) were significantly decreased when Notch1 was
inhibited. Moreover, Downregulation of Notch1 signifi-
cantly decreased the elevated secretion of SDF-1 and M-
CSF in NKAP OE U87 cells (Fig. 8a-c) and attenuated
their effects in TAM polarization (Fig. 8d, e).

Discussion
Glioma is among the deadliest type of brain tumors with
a high degree of malignancy and poor prognosis. With
in-depth study, the brain tumor microenvironment
(TME) has emerged as a critical regulator of glioma pro-
gression, within which immune tolerance and suppres-
sion are the key regulatory factors. The TME contains
many different non-cancerous cell types in addition to
cancer cells, such as endothelial cells, pericytes, fibro-
blasts and immune cells. Among them, the majority of
immune cells are macrophages, often comprising up to
~ 30% of the tumor mass [27]. However, whether these
cells have distinct functions in the brain TME has been
controversial, and remains as a topic of active investiga-
tion for a long time. Clarifying the molecular mecha-
nisms beneath would provide a theoretical basis for
developing effective treatment strategies or identifying
new therapeutic targets.
NKAP plays an important role in neural development

considering its interesting expression patterns in the
neural system. It was reported that NKAP is expressed
at heterogeneous levels in different parts of the brain,
with a higher expression in the proliferative progenitor
cell types in the SVZ region, but a lower expression in
the adult neural cells such as glial cells [12]. These re-
sults evidently suggested that NKAP might be involved
in the regulation of neural stem or progenitor cell iden-
tity. Since increased expression of stemness related
genes are usually pronounced in the malignancy, it has
drawn our great attention how NKAP is expressed in
the glial-derived tumor cells.
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By use of tissue collection and immunohistochemical
analysis, we observed that the expression of NKAP was
significantly upregulated in the gliomas. The level of in-
crease in NKAP expression was positively correlated
with the degree of glioma malignancy and inversely cor-
related with the prognosis. More importantly, we de-
tected that cellular proliferation, migration and invasion
were significantly inhibited upon NKAP knockdown in
the cell lines of gliomas. Furthermore, downregulation of
NKAP could reduced the recruitment and polarization
of TAM by decreasing the secretion of SDF-1 and M-
CSF. As a corollary, NKAP seemed to be a key regulator
of glioma progression and TME, but its molecular
mechanisms still remain unclear.
In order to explore the mechanisms of NKAP in

gliomagenesis, we performed RNA sequencing analysis
to determine differentially expressed genes affected by
NKAP. Notch1 was observed as one of the most closely
related genes. The regulatory relationship between

NKAP and Notch1 was firstly reported in mammalian T
cells. Pajerowski has reported that NKAP could directly
interact and co-localize with the known Notch co-
repressors CIR and HDAC3 in the regulation of mam-
malian T-cell development, resulting in suppression of
Notch target genes [7]. Nevertheless, the concrete
mechanisms of NKAP in the regulation of Notch1
signaling has not been thoroughly investigated in de-
tails, especially in brain cells and tumors. In this
study, in contrast to the result derived from T-cell
development, we observed that down-regulation of
NKAP inhibited the expression of Notch1 in vivo and
in vitro. Instead of a repressor component, NKAP
transactivated Notch1 in the glioma cells. To make a
step further, we carried out a ChIP assay and detected
a direct binding between NKAP and Notch1 promoter
region. Notch1 inhibition could indeed alleviated the
functions resulted from upregulation of NKAP.
Overall, our findings provided new insight into the

Fig. 6 Correlated NKAP and Notch1 expression in glioma tissues. a, IHC was performed to detect NKAP and Notch1 expression in normal brain
specimens and in grade I, II, III, and IV glioma specimens (400×). b, The intensity of Notch1 expression in glioma specimens significantly increased
as tumor malignancy increased. c, A remarkable positive correlation between the expression of NKAP and Notch1 was observed in 90 glioma
specimens (P < 0.01). d and e, The overall survival of the 90 glioma patients was assessed based on low or high expression levels of NKAP and
Notch1. The higher expression of NKAP and Notch1 indicated a worse prognosis. Scale bar = 20 μm
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regulatory relationship between NKAP and Notch1 in
the tumorigenesis of gliomas.
In the nervous system, mounting evidences have

revealed that aberrant Notch signaling has been closely
involved in the development of gliomas. Among them, a
critical role of Notch1 in regulation of immune suppres-
sive TME has drawn active attention. According to
Ling’s study, activating Notch1 signaling could promote

the expression of M-CSF in BV2 cells [28], though there
was another opposite conclusion reported by Sakano
that constitutively active Notch1-transfected stromal
cells showed strong inhibition of M-CSF gene expression
[29]. On the other hand, Yang has confirmed that
overexpression of notch1 augmented SDF-1-induced
chemotaxis in cancer stem cells in vitro [30]. Based on
our data that NAKP controlled the expression and

Fig. 7 Blockage of Notch1 weakened the effects of NKAP on the proliferation and invasion of glioma cells. The U87 and U251 cell lines were
transfected with NKAP plasmids to overexpress NKAP, which were termed NKAP OE cells. DAPT was also applied to the transfected cell lines.
a, The growth curves of the transfected cells plotted based on a CCK8 assay. After inhibiting Notch1 signaling by DAPT, the cell viability was
decreased compared with that of NKAP OE cells. Data are presented as the mean ± s.d. of three independent experiments. b, Cell proliferation
was determined by an EdU staining assay. c, Cell invasion was determined by a transwell assay. The results represent the mean ± s.d. of three
independent experiments. Scale bar = 20 μm. The results represent the mean ± s.d. of three independent experiments. ***P < 0.001
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secretion of SDF-1 and M-CSF via Notch1, it could be
concluded NKAP was involved in regulation of the
tumor immune microenvironment of gliomas. As a cor-
ollary, we have demonstrated a model where NKAP
positively regulates the expression of Notch1, which re-
sults in an increasing secretion of M-CSF of SDF-1 in
glioma cells [31], reinforcing significant bidirectional
cross-talks between macrophages and glioma cells. M-
CSF plays an important role in transforming macro-
phages into TAMs, while SDF-1 promotes their recruit-
ment. These TAMs in turn secret various pro-
tumorigenic factors, such as TGF-β, which ultimately
promote the growth of glioma. This model evidently
suggested a critical role of NKAP in the feedback loop
between glioma development and tumor immune micro-
environment (Additional file 5: Figure S5).
In summary, we have identified NKAP as an important

oncogenic factor in gliomas, and indicated its ability to
promote glioma proliferation and invasion. What’s more,
we provided unequivocal evidence for the first time
demonstrating that NKAP performed its function in part
via regulating glioma immune microenvironment
through targeting Notch1. These novel findings would
provide a new perspective for glioma chemotherapeutic
intervention.

Conclusion
In this manuscript, we have identified NKAP as an
important oncogenic factor in gliomas. What’s more, we
provided unequivocal evidence for the first time demon-
strating that NKAP performed its function in part via
regulating glioma immune microenvironment through
targeting Notch1.

Additional files

Additional file 1: Figure S1. Western blot assay was performed to test
the knockdown efficiency of NKAP in U87, U251 and GL261 cells.
(TIF 906 kb)

Additional file 2: Figure S2. GO and KEGG analyses were based on the
RNA sequencing profiles resulted from NKAP knockdown. Both cytokine
production involved in the immune response and Notch signaling
pathway were significantly affected. (TIF 3542 kb)

Additional file 3: Figure S3. Agarose gel electrophoresis of the CHIP
assay. It was performed by using antibody against NKAP with primers
targeted to the promoter region of Notch1. Isotype-matched IgG was
used as a negative control. (TIF 695 kb)

Additional file 4: Figure S4. Proportion of myeloid-derived suppressor
cells (A) and neutrophils (B) were significantly down-regulated in the
NKAP depleted gliomas. C, Percentage of TMEM119 positive microglia
was not affected by NKAP knockdown. (TIF 560 kb)

Fig. 8 Blockage of Notch1 attenuated the effects of NKAP on the TME of glioma. a and b, Inhibiting Notch1 signaling reduced the function of
NKAP in promoting SDF-1 expression. c, Downregulation of Notch1 signaling weakened the function of NKAP in promoting M-CSF secretion.
d, After inhibiting Notch1 signaling in U87 cells, the increased proportion of TAMs (CD206high CD80low) which co-incubated with NKAP
overexpressed U87 cells was decreased compared to control group. Data are presented as the mean ± s.d. of three independent experiments.
***P < 0.001, **P < 0.01
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Additional file 5: Figure S5. Mechanism map of NKAP in the feedback
loop between glioma development and tumor immune microenvironment.
(PNG 169 kb)

Abbreviations
CSL: CBF-1, Suppressor of hairless, Lag; HDAC: Histone deacetylase 3;
iNKT: invariant natural killer T; M-CSF: Macrophage colony-stimulating factor;
NCI: National Cancer Institute; NICD: Notch intracellular domain; NKAP: NF-κB
activating protein; NSC: neural stem cell; SDF-1: Stromal cell-derived factor 1;
SVZ: subventricular zone; TAMs: Tumor-associated macrophages; TME: Tumor
microenvironment

Acknowledgements
Not applicable.

Authors’ contributions
GG, TG and QL conceived the concept, designed the experiments and wrote
the manuscript. LZ, JL, XC, YW and TG carried out and interpreted the
experiments. GG, TG and DW established the animal models. JL provided
clinical samples and carried out the patient sample analyses. LZ participated
in the immune related experiments. QP and TG analyzed the data. All
authors read and approved the final manuscript.

Funding
This work was supported by grants from Natural Science Foundation of
China (81471517, 81871196, 81771270), Shandong Provincial Natural Science
Foundation, China (ZR2018MH005, ZR2016HM59), and Shandong Province
Science and Technology Development Program (2015GSF118164).

Availability of data and materials
All the data and materials are available.

Ethics approval and consent to participate
This study was reviewed and approved by the Ethical Board at Shandong
Provincial Hospital Affiliated to Shandong University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Histology and Embryology, School of Basic Medical Science,
Shandong University Cheeloo College of Medicine, 44# Wenhua Xi Road,
Jinan 250012, Shandong, People’s Republic of China. 2Department of
Neurosurgery, Shandong Provincial Hospital Affiliated to Shandong
University, Jinan 250021, Shandong, China. 3Department of Peripheral
Vascular Disease, Affiliated Hospital of Shandong University of Traditional
Chinese Medicine, Jinan, Shandong, China. 4Assisted Reproductive Centre,
Shandong Maternity and Child Health Care Hospital, Jinan, Shandong, China.

Received: 10 January 2019 Accepted: 17 June 2019

References
1. Wang Y, Jiang T. Understanding high grade glioma: molecular mechanism,

therapy and comprehensive management. Cancer Lett. 2013;331:139–46.
2. Ostrom QT, Gittleman H, Fulop J, Liu M, Blanda R, Kromer C, Wolinsky Y,

Kruchko C, Barnholtz-Sloan JS. CBTRUS statistical report: primary brain and
central nervous system tumors diagnosed in the United States in
2008-2012. Neuro-oncology. 2015;17(Suppl 4):iv1–iv62.

3. Omuro A, DeAngelis LM. Glioblastoma and other malignant gliomas: a
clinical review. Jama. 2013;310:1842–50.

4. Dubrow R, Darefsky AS. Demographic variation in incidence of adult glioma
by subtype, United States, 1992-2007. BMC Cancer. 2011;11:325.

5. Wen PY, Huse JT. 2016 World Health Organization classification of central
nervous system tumors. Continuum. 2017;23:1531–47.

6. Chen D, Li Z, Yang Q, Zhang J, Zhai Z, Shu HB. Identification of a nuclear
protein that promotes NF-kappaB activation. Biochem Biophys Res
Commun. 2003;310:720–4.

7. Pajerowski AG, Nguyen C, Aghajanian H, Shapiro MJ, Shapiro VS. NKAP is a
transcriptional repressor of notch signaling and is required for T cell
development. Immunity. 2009;30:696–707.

8. Hsu FC, Pajerowski AG, Nelson-Holte M, Sundsbak R, Shapiro VS. NKAP is
required for T cell maturation and acquisition of functional competency.
J Exp Med. 2011;208:1291–304.

9. Thapa P, Das J, McWilliams D, Shapiro M, Sundsbak R, Nelson-Holte M,
Tangen S, Anderson J, Desiderio S, Hiebert S, Sant'angelo DB, Shapiro VS.
The transcriptional repressor NKAP is required for the development of iNKT
cells. Nat Commun. 2013;4:1582.

10. Thapa P, Chen MW, McWilliams DC, Belmonte P, Constans M, Sant'Angelo
DB, Shapiro VS. NKAP regulates invariant NKT cell proliferation and
differentiation into ROR-gammat-expressing NKT17 cells. J Immunol.
2016;196:4987–98.

11. Pajerowski AG, Shapiro MJ, Gwin K, Sundsbak R, Nelson-Holte M, Medina K,
Shapiro VS. Adult hematopoietic stem cells require NKAP for maintenance
and survival. Blood. 2010;116:2684–93.

12. Worlitzer MM, Schwamborn JC. The notch co-repressor protein NKAP is
highly expressed in adult mouse subventricular zone neural progenitor cells.
Neuroscience. 2014;266:138–49.

13. Neumuller RA, Richter C, Fischer A, Novatchkova M, Neumuller KG, Knoblich
JA. Genome-wide analysis of self-renewal in Drosophila neural stem cells by
transgenic RNAi. Cell Stem Cell. 2011;8:580–93.

14. Suresh S, Irvine AE. The NOTCH signaling pathway in normal and malignant
blood cell production. J Cell Commun Signal. 2015;9:5–13.

15. Dell'albani P, Rodolico M, Pellitteri R, Tricarichi E, Torrisi SA, D'Antoni S,
Zappia M, Albanese V, Caltabiano R, Platania N, Aronica E, Catania MV.
Differential patterns of NOTCH1-4 receptor expression are markers of glioma
cell differentiation. Neuro-oncology. 2014;16:204–16.

16. Shao S, Zhao X, Zhang X, Luo M, Zuo X, Huang S, Wang Y, Gu S, Zhao X.
Notch1 signaling regulates the epithelial-mesenchymal transition and invasion
of breast cancer in a slug-dependent manner. Mol Cancer. 2015;14:28.

17. Teodorczyk M, Schmidt MHH. Notching on Cancer's door: notch signaling
in brain tumors. Front Oncol. 2014;4:341.

18. Purow BW, Haque RM, Noel MW, Su Q, Burdick MJ, Lee J, Sundaresan T,
Pastorino S, Park JK, Mikolaenko I, Maric D, Eberhart CG, Fine HA. Expression
of Notch-1 and its ligands, Delta-like-1 and Jagged-1, is critical for glioma
cell survival and proliferation. Cancer Res. 2005;65:2353–63.

19. Fassl A, Tagscherer KE, Richter J, Berriel Diaz M, Alcantara Llaguno SR,
Campos B, Kopitz J, Herold-Mende C, Herzig S, Schmidt MHH, Parada LF,
Wiestler OD, Roth W. Notch1 signaling promotes survival of glioblastoma
cells via EGFR-mediated induction of anti-apoptotic Mcl-1. Oncogene.
2012;31:4698–708.

20. Xu P, Qiu M, Zhang Z, Kang C, Jiang R, Jia Z, Wang G, Jiang H, Pu P. The
oncogenic roles of Notch1 in astrocytic gliomas in vitro and in vivo.
J Neuro-Oncol. 2010;97:41–51.

21. Hu B, Nandhu MS, Sim H, Agudelo-Garcia PA, Saldivar JC, Dolan CE, Mora
ME, Nuovo GJ, Cole SE, Viapiano MS. Fibulin-3 promotes glioma growth and
resistance through a novel paracrine regulation of notch signaling.
Cancer Res. 2012;72:3873–85.

22. Jiang L, Wu J, Chen Q, Hu X, Li W, Hu G. Notch1 expression is upregulated
in glioma and is associated with tumor progression. J Clin Neurosci.
2011;18:387–90.

23. Li H, Lei B, Xiang W, Wang H, Feng W, Liu Y, Qi S. Differences in protein
expression between the U251 and U87 cell lines. Turkish Neurosurgery.
2017;27:894–903.

24. Thiery JP, Sleeman JP. Complex networks orchestrate epithelial-
mesenchymal transitions. Nat Rev Mol Cell Biol. 2006;7:131–42.

25. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition.
J Clin Invest. 2009;119:1420–8.

26. Engh JA. Notch1 identified as a prognostic factor for glioma patients.
Neurosurgery. 2011;68:N22–3.

27. Quail DF, Joyce JA. The microenvironmental landscape of brain tumors.
Cancer Cell. 2017;31:326–41.

28. Cao Q, Lu J, Kaur C, Sivakumar V, Li F, Cheah PS, Dheen ST, Ling EA.
Expression of Notch-1 receptor and its ligands Jagged-1 and Delta-1 in
amoeboid microglia in postnatal rat brain and murine BV-2 cells. Glia.
2008;56:1224–37.

Gu et al. Journal of Experimental & Clinical Cancer Research          (2019) 38:291 Page 15 of 16

https://doi.org/10.1186/s13046-019-1281-1


29. Yamada T, Yamazaki H, Yamane T, Yoshino M, Okuyama H, Tsuneto M,
Kurino T, Hayashi S, Sakano S. Regulation of osteoclast development by
notch signaling directed to osteoclast precursors and through stromal cells.
Blood. 2003;101:2227–34.

30. Chiaramonte R, Colombo M, Bulfamante G, Falleni M, Tosi D, Garavelli S,
De Simone D, Vigolo E, Todoerti K, Neri A, Platonova N. Notch pathway
promotes ovarian cancer growth and migration via CXCR4/SDF1alpha
chemokine system. Int J Biochem Cell Biol. 2015;66:134–40.

31. Watabe T, Miyazono K. Roles of TGF-beta family signaling in stem cell
renewal and differentiation. Cell Res. 2009;19:103–15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Gu et al. Journal of Experimental & Clinical Cancer Research          (2019) 38:291 Page 16 of 16


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Experimental methods
	Cell lines and tissue samples
	Cells transfection with lentiviruses
	Immunohistochemistry (IHC)
	Western blot analysis and ELISA
	Quantitative reverse transcription PCR (qRT-PCR)
	RNA sequencing
	Cell proliferation
	Cell migration and invasion assay
	Luciferase reporter assay
	Chromatin immunoprecipitation (ChIP)
	Flow cytometry
	Establishment of macrophage, co-incubate and flow cytometry analysis
	In vivo experiments
	Statistical analysis

	Results
	NKAP affected the viability of glioma cells
	NKAP promoted the migration, invasion and EMT of glioma cells
	Knockdown of NKAP attenuated the growth of gliomas in vivo
	NKAP altered recruitment and polarization of tumor-associated macrophages via regulating the secretion of SDF-1 and M-CSF
	Notch1 was an NKAP target gene
	Relevance between the expressions of NKAP and Notch1 in clinical samples
	Blockage of Notch1 alleviated the effects of NKAP in gliomas

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

