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Abstract
Sonic Hedgehog (SHH) subgroup of medulloblastoma (MB) accounts for about
25% of all subgroups of MB. Tumor microenvironment (TME) may play a key
role in the tumor progression and therapeutic resistance. Tumor-associated astro-
cytes (TAAs) are reshaped to drive tumor progression through multiple paracrine
signals. However, the mechanism by which TAAs modulate MB cells remains elu-
sive. Here, we illuminated that TAAs showed a specific and dynamic pattern dur-
ing SHH-MB development. Most TAAs gathered to the tumor margin during the
tumor progression, rather than evenly distributed in the early-stage tumors. We
further demonstrated that lipocalin-2 (LCN2) secreted by TAAs could promote
the tumor growth and was correlated with the poor prognosis of MB patients.
Knocking down LCN2 in TAAs in vitro impeded the proliferation and migration
abilities of MB cells. In addition, we identified that TAAs accelerated the tumor
growth by secreting LCN2 via STAT3 signaling pathway. Accordingly, blockade
of STAT3 signaling by its inhibitor WP1066 and AAV-Lcn2 shRNA, respec-
tively, in TAAs abrogated the effects of LCN2 on tumor progression in vitro and
in vivo. In summary, we for the first time clarified that LCN2, secreted by TAAs,
could promote MB tumor progression via STAT3 pathway and has potential
prognostic value. Our findings unveiled a new sight in reprogramming the TME
of SHH-MB and provided a potential therapeutic strategy targeting TAAs.
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1 | INTRODUCTION

Medulloblastoma (MB) is one of the most common
malignant brain tumors in children, accounting for 25%–

30% [1]. At least four consensus subgroups of MB are
reported in the 2021 World Health Organization classifi-
cation of tumors, including wingless (WNT), Sonic
Hedgehog (SHH) (with or without P53 mutation), and
non-WNT/SHH (Groups 3 and 4) [2]. Different genetic
signatures and DNA methylation status of each subgroup
lead to different prognosis, histopathological features,
and therapeutic strategy. Among them, SHH-MB
accounts for about 25% of all subgroups [3], which is
driven by the aberrant activation of SHH signaling path-
way [4]. While a standard treatment of surgical resection,
chemotherapy, and radiation has improved the overall
5-year survival rate for MB patients up to 60%–90% [5],
survivors are left with life-long side effects such as endo-
crine dysfunction, ataxia, and irreversible brain damage
[6, 7]. Many of these sequelae are caused by current
aggressive therapeutic strategy. More specific and less
toxic treatments are urgently needed.

There is a growing consensus that tumors should be
regarded as a living organ rather than a mass composing of
individual tumor cells [8]. Studies have reported that tumor
microenvironment (TME) of MB plays a key role in the
tumor progression and therapeutic resistance [9, 10]. Repro-
gramming TME to destroy the ecological support of the
tumor is the effective strategy of tumor therapy. Therefore,
it is imperative to get a better understanding of the mecha-
nism of crosstalk between tumor cell and other cells
in TME.

Tumor-associated astrocytes (TAAs) were considered to
play a critical role in MB development [9, 11, 12]. Com-
pared with the normal astrocytes, TAAs showed increased
reactivity in the tumor [13]. The increased expression of
glial fibrillary acid protein (GFAP) was regarded as a sensi-
tive marker for reactive astrocytes [14]. Previous studies
have reported that high expression of GFAP was signifi-
cantly associated with poor prognosis of MB patients [15].
Recent study reported that more TAAs were recruited in
the disseminated MB compared with the primary tumor
caused by IL6 derived from tumor stem cells [16]. These
studies implicated that the TAAs seem to have different
effects during MB development. However, the dynamic
change of TAAs during MB progression and the mecha-
nisms by which TAAs were activated to support tumor
growth were largely unknown.

Herein, we performed differentially expressed genes
(DEGs) analysis in TAAs and identified lipocalin-2
(LCN2) as a critical biomarker related to MB tumorigen-
esis. LCN2, also known as neutrophil gelatinase-
associated lipocalin (NGAL) belongs to the lipocalin pro-
tein family which transports small hydrophobic mole-
cules such as steroids, retinoids, and lipids [17]. Previous
studies indicated that the expression of LCN2 could be
detected in reactive astrocyte, activated microglia,

neuron, as well as endothelial cell under neuropathologi-
cal state rather than in normal brain tissue [18–20]. In
brain tumors, the biological function of LCN2 protein
remains controversial. It was reported that LCN2 expres-
sion level was negatively correlated with the clinical out-
come of glioma [21]. While deletion of LCN2 in glioma
cells contributed to chemoresistance [22]. A recent study
reported that LCN2 secreted by endothelial cell was up-
regulated by tumor-derived exosome in glioma [23].
However, it still remains unclear the functions of LCN2
in the tumor progression of MB.

In this study, we explored the function of TAAs of
SHH-MB in mouse model and co-culture system. We
identified for the first time that LCN2 secreted by TAAs
promoted the tumor growth via the JAK2/STAT3 signal-
ing pathway. Our findings unveiled a new sight in repro-
gramming the TME of SHH-MB and provided a
potential target for TAAs-based antitumor therapy.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Human Daoy and D341 MB cell line were kindly pro-
vided by Prof. Ho Ho-Keung Ng of The Chinese Univer-
sity of Hong Kong. Human ONS-76 MB cell line was
kindly provided by Prof. Xiu-Wu Bian of Southwest Hos-
pital of Army Medical University. Daoy and ONS-76
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), streptomycin, and penicillin. D341 was cultured
in Minimum Essential Medium containing 20% FBS.

2.2 | Isolation of primary mouse astrocytes

Primary astrocytes were isolated from newborn C57 mice
according to the previous study [24]. Briefly, after disinfect-
ing in 75% alcohol, take the brain in precooled
F12/DMEM and carefully strip away the meninges. The
brain tissue was then cut into homogenate with a sterile sur-
gical blade and resuspended with precooled F12/DMEM,
taking care not to damage the cells. Filter the homogenate
through a 75-μm filter into a 50-mL tube, and centrifuge
for 6 min at 4�C, 1500 rpm. The pellets were resuspended
with F12/DMEM containing 10% FBS, 1% penicillin/strep-
tomycin, 1% L-glutamin, 1% sodium pyruvate, and 1%
nonessential amino acid. Cells were cultured in T75 flasks,
and the medium were changed every 3 days. All cells were
kept at 37�C in a cell incubator containing 5% CO2.

2.3 | Transgenic mice

ND2SmoA1 transgenic mice were purchased from Jack-
son Labs (#008831) and approved by the Department of
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Laboratory Animal Science of Peking University [10].
All animal experiments were performed in accordance with
institution guidelines of the Peking University Institutional
Animal Care and Use Committee (No. LA2019121). Mice
were raised in the Department of Laboratory Animal
Science of Peking University under standard conditions at
room temperature and a 12-h light and dark cycle with free
access to food and water.

2.4 | Magnetic resonance imaging

Three to six months of ND2-SmoA1 mice were used in
this study as previously described [25]. The tumors of
mice were detected by 3.0 T Siemens Trio Scanner
(Siemens Healthcare Sector) with a 20-mm diameter
mouse body coil. Briefly, mice were anesthetized by 2.5%
isoflurane and 95% oxygen. T2-weighted 2D RARE
quick scans were acquired. Echo time: 89 ms, repetition
time: 5960 ms, number of averages: 4, field of view
(FOV): 6.4 cm � 3.9 cm, matrix: 729256 � 100, 15 slices,
slice thickness: 0.9 mm. Data were analyzed by Micro
DICOM software.

2.5 | Animal experiments

To pharmacologically inhibit the expression of LCN2 in
TAAs, the tumor-bearing mice were randomized and
divided into two groups for treatment with vehicle con-
trol (n = 9), and WP1066 (Selleck) (20 mg/kg, intraperi-
toneal, n = 9). WP1066 is sequentially dissolved in saline
containing 5% DMSO, 40% PEG300, and 5% Tween-80
to ensure clarity. WP1066 or the vehicle was adminis-
trated three times a week, and the dose was adjusted with
the body weight of mice. Magnetic resonance imaging
(MRI) scan was performed once a week after 2 weeks of
administration. The weight of mice was measured daily.

2.6 | Injection of adeno-associated viruses

Adeno-associated virus (AAV)-GFAP-eGFP viral
vectors containing Mouse_Lcn2-shRNA or scramble-
shRNA (AAV PHP.eB, 1.0 � 1013VG/ml, Genomedi-
tech) were used in this study. AAV-Lcn2 shRNA
(AAV-sh-Lcn2) or AAV-scramble shRNA (AAV-scram-
ble) was injected with a single dose of 1.0 � 1012 VG per
mouse via tail vein. The target sequence of AAV for
knockdown of LCN2 was designed based on the previous
study [26]. The target sequences of sh-Lcn2 and scramble
were as follows: shLcn2, 50-CCAGTTCACTCTGG-
GAAAT-30; scramble, 50-TTCTCCGAACGTGT-
CACGT-30. Mice injected with AAV-sh-Lcn2 or AAV-
scramble were randomly divided into the following four
groups: AAV-scramble + Vehicles (n = 6); AAV-
scramble + Sonidegib (n = 6); AAV-sh-Lcn2 + Vehicles

(n = 6); AAV-sh-Lcn2 + Sonidegib (n = 5). Sonidegib
(20 mg/kg, Selleck) was dissolved in corn oil containing
2% DMSO. Sonidegib and vehicle were orally adminis-
trated daily, and the dose was adjusted according to the
body weight of mice. MRI scan was performed every
10 days.

2.7 | Immunofluorescence staining

ND2SmoA1 tumor-bearing mice were anesthetized with
1% sodium pentobarbital, 30 mL PBS was used for cardiac
perfusion, and the brain was taken out. After being fixed in
the 4% paraformaldehyde for 24 h, the brains were
immerged into the 30% sucrose solution for dehydration.
The sagittal brain sections (10 μm) were prepared with a
sliding microtome (Leica). Brain slices were washed with
PBS and treated with blocking solution (1% BSA, 0.4%
Triton X-100, and 4% goat serum in PBS) for 1 h. Next,
brain slices were incubated with Rabbit monoclonal anti-
body IBA1 (012-26723, Wako, 1:300), Chicken monoclo-
nal antibody GFAP (ab4674, Abcam, 1:500), Rabbit
polyclonal antibody Ki67 (ab15580, Abcam, 1:500), Synap-
tophysin Mouse Monoclonal Antibody (67864, Protein-
tech, 1:250), Rabbit monoclonal antibody STAT3
(phosphorylation Y705) (ab76315, Abcam, 1:300), Mouse
polyclonal antibody LCN2 (AF1857, R&D, 1:50), Rabbit
polyclonal antibody SLC22A17 (NBP1-76918, NOVUS,
1:50) diluted in blocking solution overnight at 4�C. Brain
slices were then washed with PBS and incubated with Goat
Anti-Mouse IgG H&L (Alexa Fluor® 488) (ab150117,
Abcam, 1:500), Goat Anti-Rabbit IgG H&L (Alexa
Fluor® 594) (ab150079, Abcam, 1:500), Goat Anti-Rabbit
IgG H&L (Alexa Fluor® 488) (ab150113, Abcam, 1:500),
Goat Anti-Chicken IgY H&L (Alexa Fluor® 555)
(ab150170, Abcam, 1:500) diluted in TBST for 2 h. After
washing with TBST, brain slides were incubated with
DAPI for 3 min. Immunofluorescence images were cap-
tured at room temperature using a Zeiss710 instrument.

2.8 | Western blot analysis

All experiments were performed on ice. Cells and the tis-
sue sections were lysed in RIPA containing protease
inhibitors and phosphatase inhibitors. Protein lysates
were separated by 4%–12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (P41215, LEBLEAD), and
then transferred to a polyvinylidene fluoride membrane
(ISEQ00010, Merck Millipore, 0.22 μm). After blocking
with 5% skimmed milk, the membrane was incubated
with Rabbit polyclonal antibody LCN2 (A3176, ABclo-
nal, 1:500), Rabbit monoclonal antibody p-STAT3
(Tyr705) (9154, CST, 1:1000), Mouse monoclonal anti-
body p-STAT3 (S727) (9136, CST, 1:1000), Rabbit
monoclonal antibody STAT3 (4904, CST, 1:1000), Rab-
bit monoclonal antibody JAK2 (3230, CST, 1:1000)
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diluted in blocking solution at 4�C overnight. Then the
membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies at room temperature for
1 h. Protein signals were visualized with Super ECL Plus
Substrate (Thermo Fisher) in Gel imaging system (Bio-
Rad ChemiDoc MP). ImageJ (Ver.1.53e; NIH, Bethesda,
MD) was used to quantify the protein bands, normalized
to β-actin, and determined as the percentage value.

2.9 | Cell studies

To detect the cell proliferation, Daoy or ONS-76 were
seeded in 96 well plates at a density of 6 � 103 cells per
well. Cells were cultured in 100 μL conditional medium
of normal astrocytes or TAAs and cell proliferation was
measured at 12, 24, 36, and 48 h. Ten microliters of
CCK8 were added to each well and incubated at 37�C
for 2 h at each time point. The absorbance value at the
wavelength of 450 nm was measured on microplate
reader (Thermo Scientific). Trans-well assay and wound
healing assay were used for migration assay as previously
described [27]. All experiments were triple-repeated.

2.10 | RNA extraction and quantitative real-
time PCR analysis

Total RNA was harvested from cells using TRIzol
Reagent (Thermo Fisher Scientific) according to the man-
ufacturer’s protocol. Total RNA was reverse transcribed
using the cDNA synthesis kit (Yeasen, 11142ES60). The
resulting cDNA was used for qPCR amplification using
the Universal Blue qPCR SYBR Green Master Mix
(Yeasen, 11184ES08) according to the manufacturer’s
protocol on the CFX96 Real-Time System (Bio-Rad).
The primers used can be found in Table S1.

2.11 | RNA-sequencing and bioinformatic
analysis

The total RNA was obtained from normal astrocytes
(ASs) and TAAs. The TAAs were induced by co-culture

with Daoy for 24 h. RNA purity was checked using the
kaiaoK5500® Spectrophotometer (Kaiao, Beijing,
China). 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. Analysis of sequencing data by the
method described previously [28]. Figures were plotted
by Sangerbox (http://www.sangerbox.com/tool), a free
online platform for data analysis and visualization [29].

2.12 | ELISA assay

The secretion of LCN2 in astrocytes was detected by
Elisa Kit (DG96425Q, Dogesce) according to the instruc-
tions. Briefly, the cell supernatants were centrifuged to
remove debris and polymers. The standards, samples,
and HRP labeled antibody were added to the 96 well
plates and incubated for 1 h at 37�C. The plates were
washed, and the substrate solution was added for another
15 min at 37�C. Add stop solution to each well and read
the OD value at 450 nm on the microplate reader.

2.13 | Transfection of small interfering RNA

Three candidate small interfering RNA (siRNA) target-
ing LCN2, and a scrambled control were designed.
Astrocytes were transfected with LCN2 siRNA
(siLCN2-1-3), negative control siRNA (siNC) using lipo-
fectamine 3000 (Invitrogen, L3000-015, CA, USA) fol-
lowing the manufacturer’s instructions. The sequences of
siRNA used are listed in Table S1.

2.14 | Statistical analysis

The data are presented as the mean ± SEM. Statistical
differences between two groups were analyzed using Stu-
dent’s t test, and one-way ANOVA or two-way ANOVA
were performed to compare three groups or more, except

F I GURE 1 The distribution density of tumor-associated astrocytes was correlated with tumor progression in ND2SmoA1 MB mouse model.
(A) The brain slices of ND2SmoA1 mice bearing tumors with large volume (LG) and early-stage tumors with small volume (SG) were stained by
HE. (B) Immunofluorescence staining of GFAP (green color) and Ki67 (red color) were performed to determine the distribution pattern of TAAs and
the proliferation ability of cells in MB, respectively (T: MB tumor, N: normal cerebellum, T center: the field of view at the center of tumor, T margin:
the field of view at the border between tumor and normal brain tissue). (C) The expression of SYN, GFAP, and Ki67 in tumor margin (up) and
tumor center (down) were detected on tumor slides from MB mice. (D) The numbers of GFAP+ Ki67+ cells and SYN+Ki67+ cells were counted with
Photoshop software. They were then normalized by the total Ki67+ cell number as the percentages of the proliferation of TAAs and tumor cells in
MB, respectively (five pictures were randomly captured for the tumor of each mouse, n = 5). (E) The immunofluorescence pixel intensity of GFAP
and Ki67 in the tumor centers or tumor margins of MB in LG was quantified by ImageJ software, respectively (five pictures were randomly captured
in both tumor center and tumor margin of the tumor of each mouse, n = 5). (F) Pearson correlation analysis between the immunofluorescence pixel
intensity of GFAP and Ki67 in MB was performed (five pictures were randomly captured for the tumor of each mouse, n = 10, R 2 = 0.07612,
p < 0.0001).
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where otherwise noted. p < 0.05 was considered statisti-
cally significant. All statistical analyses and graphic work
were performed using Prism 8.0 (GraphPad Software
Inc.) and Adobe Illustrator CC 2018.

3 | RESULTS

3.1 | The distribution density of TAAs is
correlated with the tumor progression in
ND2-SmoA1 SHH-MB mouse model

To explore the TAAs distribution pattern during tumor
progression of MB, we first detected MB transgenic mice
bearing tumor at different time points by nuclear MRI.
Histologic sections were then evaluated under microscope
after H&E staining. Among these mice, some early-stage
tumors were too small to be detected by MRI but can be
observed under microscope, which were defined as the
small group (SG). Those tumors with larger volumes,
which can be easily identified by MRI, were defined as
the large group (LG) (Figure 1A).

To further evaluate the TAAs in tumor, we detected the
TAAs and MB tumor cells using glial fibrillary acidic pro-
tein (GFAP) and synaptophysin (SYN) as markers, respec-
tively, by immunofluorescence. Ki67 was applied to
indicate the proliferative capacity of cells. We found that
TAAs evenly distributed in SG tumors, showing general
high proliferation ability. But in LG tumors, TAAs mainly
gathered at the tumor margin. Interestingly, tumor cells
always exhibit significantly higher proliferation ability in
regions with more TAAs. (Figure 1B, Figure S1A–D). By
double staining, we confirmed the expression of Ki67
mainly concentrated in the SYN-positive tumor cells rather
than GFAP-positive TAAs, indicating that the TAAs were
non-proliferative (Figure 1C,D). Further quantification
analysis showed that the proliferation ability of MB cells in
both groups was positively correlated with the number of
TAAs (Figure 1E,F). These results showed that the distribu-
tion density of TAAs was correlated with the proliferative
ability of MB tumor cells, although they changed with
tumor volumes. To explore whether the correlation between
the tumor proliferation and the distribution pattern of
TAAs was specific in MB, we further mapped the distribu-
tion of tumor-associated macrophages (TAMs) in MBs

with different sizes. Our results showed that TAMs were
evenly distributed in these tumors (Figure S1E). These
results suggested that the heterogeneity of tumor prolifera-
tion ability may have a more close relationship with TAAs
rather than TAMs during tumor progression.

3.2 | TAAs increased the proliferation and
migration ability of MB tumor cells

To confirm the relationship between TAAs and tumor
growth, we evaluated whether the TAAs alone could
affect the proliferation and migration ability of tumor
cells using a co-culture model in vitro. First, we isolated
the normal astrocytes (ASs) from the brain of C57 new-
born mice. After 6–12 days of culture, ASs attached to
the bottom of culture flask gradually (Figure 2A).
To confirm the purity of the primary astrocytes, immuno-
fluorescence double staining was performed. GFAP,
IBA1, and SYN were used as markers for astrocytes,
microglia, and neurons, respectively (Figure 2B). Most
cells (94.64%–98.41%) are GFAP+, while only a few
cells (6.73%) are IBA1+ (Figure 2C,D), indicating the
high purity of the ASs.

To obtain TAAs in vitro, we co-cultured the primary
astrocytes with Daoy or ONS-76 cells (SHH-MB) for
24 h. ASs and TAAs were cultured for another 24 h to
obtain the conditioned medium, respectively (Figure 2E).
The conditioned medium of TAAs significantly pro-
moted the proliferation (Figure 2F,G) and migration
(Figure 2H–L) ability of both Daoy and ONS-76, indi-
cating that TAAs secreted some specific bio-signals into
the medium and induced cell growth of SHH-MB.

3.3 | Increased LCN2 expression in TAAs is
related to the poor prognosis of MB

Previous studies reported that TAAs in MB may be cor-
related with stemness of tumor cells in MB, especially in
SHH-MB [11, 30, 31]. We identified considerable astro-
cytes in the tumor of ND2-SmoA1 SHH-MB mouse
model, however, only a small number of cancer stem cells
(0.05% of total cells in MB) were detected by flow cyto-
metry (Figure S2). These results suggested that TAAs

F I GURE 2 Tumor-associated astrocytes promoted the proliferation and migration ability of MB cells in vitro. (A) Cell morphologies of primary
normal astrocytes cultured for 6 days, and 12 days were observed by light microscope. (B) After 12 days of culture, immunofluorescence staining of
GFAP, IBA1, and SYN was performed to detect the purity of the primary isolated astrocytes. (C, D) The numbers of GFAP+, IBA1+, and SYN+

cells were quantified and normalized to the total number of DAPI+ cells in each field (five views were randomly captured). (E) Illustration of
workflow. To obtain TAAs in vitro, astrocytes were pre-co-cultured with Daoy or ONS-76 for 24 h. The conditioned medium of astrocytes (ASs-CM)
and TAAs (TAAS-CM) were collected to treat MB cells and assess their effects on tumor cell proliferation and migration ability. The control group
was treated with the normal culture medium. (F, G) CCK8 assay was performed to analyze cell viability of Daoy and ONS-76 treated by the ASs-
CM or TAAs-CM. (H, K) Trans-well and wound healing assays were performed to determine cell migration ability of Daoy and ONS-76 treated by
ASs-CM or TAAs-CM. The cell numbers of Daoy (I) and ONS-76 (J) that migrated were quantified. (L) The percentages of wound closure at each
time point were normalized by wound area of 0 h, which were expressed as the mean ± SEM from at least three independent experiments.
Representative images were shown. p-values are determined by two-way ANOVA (F, G, L) or one-way ANOVA (I, J).

LCN2 PROMOTES MEDULLOBLASTOMA PROGRESSION 7 of 19



F I GURE 3 Legend on next page.

8 of 19 LI ET AL.



may promote the tumor progression in other ways rather
than tumor stem cells in MBs.

To clarify the specific tumor-related bio-signals
secreted by the TAAs, we performed differential expres-
sion analysis of TAAs by RNA sequencing assay. Totally
757 up-regulated genes and 407 down-regulated genes
out of 28,891 genes were identified in TAAs compared
with ASs (Figure 3A). The most significant DEGs were
verified in TAAs by q-PCR (Figure 3B,C, Table S2).

To screen the genes in TAAs with clinical value, we
performed a univariate Cox regression model to estimate
the prognostic significance of the DEGs in TAAs based
on GSE85218 dataset (Figure 3D, Table S3). The result
showed that the expression of LCN2, TNFSFL1, and
ZC3HL2A were significantly related with the OS in MB
patients. Among them, patients with high expression of
LCN2 and TNFSFL1 had relatively worse prognosis
(p value was 0.0141 and 0.0232, respectively), while
patients with high expression of ZC3HL2A had better
prognosis (p = 0.0178) (Figure 3E). Compared with
TNFSFL 1 (p = 0.10) (Figure S3A), MB patients
with high expression levels of LCN2 had a significant
worse prognosis (p = 6.5e�4) (Figure 3F). In addition,
we evaluated the prognostic significance of LCN2 in the
four MB subgroups and found that high expression of
LCN2 was significantly correlated with poor prognosis
of all MBs except WNT subgroup, which had relatively
good prognosis in MB (Figure 3G, Figure S3B–D). The
expression of LCN2 in human MB was further validated
by the immunohistochemical and immunofluorescence
staining in human MB samples (Figure S3E,F). These
results indicated that the high expression of LCN2 in
TAAs was associated with the poor prognosis of MB,
especially in the poor-survival subgroups of MB.

As a secreted protein, LCN2 plays a pivotal role in
the crosstalk between tumor cells and other cell popula-
tions in the TME [32, 33]. In order to verify the secreted
LCN2 in TME of MB, we further performed ELISA to
detect the LCN2 secreted by TAAs. The results showed
that both Daoy and ONS-76 could significantly induce
the secretion of LCN2 in TAAs in vitro (Figure 3H). To
clarify whether LCN2 is mainly generated by TAAs, we

detected the LCN2 within TAAs and MB cells by immu-
nofluorescence in ND2SmoA1 mice (Figure 3I). LCN2
expression was mainly detected in GFAP+ TAAs rather
than SYN+ MB cells (Figure 3J,K). However, as the
main receptor of LCN2, SLC22A17 expression was
observed in both TAAs and MB tumor cells in MB mice
(Figure S4A).

To further explore the mechanism that elevated
LCN2 promotes the proliferation and invasion of MB
tumor cells, we analyzed the expression profiling of A549
stimulated with LCN2 protein based on GSE54962 data-
set [34]. Totally, 3838 DEGs were categorized based on
KEGG pathway, molecular function, cellular compo-
nent, and biological process, respectively. The results
revealed that the elevated LCN2 was significantly related
to extracellular matrix organization and the protein
digestion signaling pathway which had been widely
reported to be related to the invasion of tumor cells
(Figure S4B,C). The well-known extracellular matrix
organization-related genes, matrix metalloproteinase
(MMP) 2, 7, and 9, were verified to be increased in Daoy
and ONS76 cells treated with recombinant LCN2 [35]
(Figure S4D). After treatment with siLCN2, the expres-
sion levels of MMP 2, 7, and 9 in Daoy and ONS76 were
decreased (Figure S4E). These results indicate that
LCN2 secreted by TAAs in SHH-MB may promote the
invasion of MB tumor cells through MMPs.

3.4 | The increased secretion of LCN2 may
be regulated by STAT3 in TAAs of SHH-MB

LCN2 was reported as a STAT3-dependent upregulated
factor in astrocyte [36]. Previous studies showed that
STAT3 is a key regulator of astrocyte reactivity associated
with brain metastatic tumor [37–39]. To clarify whether the
expression of LCN2 was regulated by STAT3 in TAAs of
MB, we further detected the activation of STAT3 in TAAs.
The results showed that the expression of LCN2, JAK2,
and the phosphorylation of STAT3 (p-STAT3) at both
tyrosine 705 and serine 727 were significantly increased in
TAAs (Figure 4A–D, Figure S5A). Moreover, as upstream

F I GURE 3 LCN2 was up-regulated in tumor-associated astrocytes and associated with the poor overall survival of MB. (A) Volcano plot
displayed the differential expression genes between TAAs and the normal ASs. The red triangles and the green triangles represent differentially
expressed up-regulated genes and down-regulated genes, respectively (jlog2FCj ≥ 1.5, p ≤ 0.05). (B) Hierarchical clustering heat map of the
differentially expressed genes between ASs and TAAs (jlog2FCj ≥ 2, false discovery rate ≤0.05). (C) Genes with significant differential expression
levels in TAAs were verified by qPCR. (D) Flowchart of data analysis to search for the overall survival (OS)-correlated genes in TAAs. Among the
total 757 upregulated and 407 downregulated genes identified in TAAs (shown in A), the prognostic significance of the most significant differentially
expressed genes (shown in B) was evaluated by univariate Cox regression analysis of overall survival in patients with MB. Two positive-correlated
genes (95% CI > 1) and one negative-correlated gene (95% CI < 1) associated with OS were finally selected. (E) Forest plot of the genes associated
with OS of MB (statistical significance at the p ≤ 0.05 level was considered as the potential prognostic factors). Kaplan–Meier curve showed the
survival of MB patients with different expression level of LCN2: (F) total patients of four MB subgroups (n = 374), (G) patients with SHH-MB
(n = 105) (HR, hazard ratio; CI, confidence interval). (H) The concentration of secreted protein LCN2 in ASs co-cultured with Daoy or ONS-76 was
quantified by ELISA. (I) Immunofluorescence staining was performed to detect the expression of LCN2, GFAP, and SYN in the MB tumor of mice
model. The white arrows showed the co-localization of LCN2 and GFAP. (J, K) The numbers of LCN2+SYN+ and LCN2+GFAP+ cells were
counted with Photoshop software and normalized to the total number of total LCN2+ cells in each field (n = 5; five views were randomly captured
for each tumor).
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regulators of STAT3, the expression of IL6, IL11, and LIF
significantly increased in TAAs (Figure 4E). All these
results indicated that MB cells activated the JAK2/STAT3
pathway in TAAs.

Previous studies reported that SHH-MB tumor cells
maintain stemness via the activation of JAK2/
STAT3-mediated Notch signaling pathway by TAAs [12].
To explore whether the STAT3 was activated in SHH-MB
tumor cells, we further detected the STAT3 pathway in MB
cells within co-culture system. No significant change was
observed for the phosphorylated STAT3 at both tyrosine
705 and serine 727 sites in Daoy co-cultured either with
TAAs or with RAW264.7 (a mouse cell line of macro-
phage) (Figure S5B,C). These results indicated that the acti-
vation of STAT3 pathway mainly occurred in TAAs rather
than tumor cells, which was confirmed by the transgenic
mouse model. We found that the phosphorylated STAT3
(p-STAT3 [Y705]) mainly expressed in GFAP+ TAAs
rather than the tumor cells of ND2-SmoA1 mice
(Figure 4F). These results indicated that the STAT3 signal-
ing pathway was mainly activated in TAAs rather than
tumor cells in SHH-MB.

To further verify the LCN2 was upregulated by STAT3
in TAAs, we employed WP1066, a specific small-molecule
inhibitor of STAT3, to treat ASs at different concentrations
for 6 and 24 h, respectively. We found that, compared with
the control group, 6 h treatment of WP1066 with concen-
trations of 2.5, 5, and 10 μM significantly reduced the pro-
tein level of p-STAT3 (Y705) in ASs. After the inhibition of
STAT3, the expression of LCN2 decreased. However, the
expression of p-STAT3 (Y705) and LCN2 in ASs showed
no significant change when the WP1066 treatment was pro-
longed to 24 h with the same concentrations (Figure 4G).
Q-PCR and ELISA assay verified the above results
(Figure 4H,I). Our data illustrated that the increased
expression of LCN2 in the TAAs was correlated with the
activation of JAK2/STAT3 pathway, which could be inhib-
ited by STAT3 inhibitor.

3.5 | LCN2 knocked down in TAAs inhibited
cell proliferation and migration ability of
MB cells

To illustrate whether TAAs promote MB growth mainly
through LCN2, we inhibited the expression of LCN2 in

TAAs either by STAT3 inhibitor (WP1066) or by syn-
thetic small interfering RNAs (siRNAs) (Figure 5A).
Using western blot analysis, we observed that the high
expression of p-STAT3 (Y705) and LCN2 in TAAs could
be effectively inhibited by WP1066 treatment with 1 and
2.5 μM, respectively, at 24 h time point of co-culture
(Figure 5B). After treatment by conditioned medium, the
proliferation and migration ability of Daoy and ONS-76
were significantly inhibited by WP1066 (Figure 5C–E),
implying that the effect of TAAs in tumor promotion
could be restrained by down-regulating the expression of
LCN2 via WP1066.

In order to exclude the possible effect of other cyto-
kines and growth factors that are regulated by STAT3 in
TAAs, TAAs were transiently transfected by
siLCN2-1-3, respectively (Figure 5F–I). The siLCN2-3
which resulted in the most significant loss of LCN2
expression on both protein (�70%) and mRNA (�90%)
levels was used in all subsequent experiments.

To further verify TAAs could promote tumor pro-
gression by LCN2, we performed parallel experiments by
treating Daoy and ONS-76 with the conditioned medium
of TAAs transfected with siLCN2-3 and siNC. The
results showed that the siLCN2-3 transfection in TAAs
significantly reduced the effect of TAAs on promoting
the proliferation and migration ability of tumor cells
(Figure 5J–L). We demonstrated that LCN2 expression
in TAAs could significantly induce tumor progression
in vitro.

3.6 | Inhibition of LCN2 could reduce tumor
progression and prolong the survival time of the
ND2SmoA1 MB mice

To further confirm the role of LCN2 in MB progression,
we continued to explore whether the inhibition of LCN2
in TAAs affects the tumor growth in vivo. As a small
molecule inhibitor of STAT3, WP1066 can cross the
blood–brain barrier (BBB) [40]. MB mice bearing differ-
ent volumes of tumors were randomly divided into two
groups. WP1066 was injected intraperitoneally three
times a week for 6 weeks. The tumor growth of MB mice
were monitored during the treatment (Figure 6A).

The tumors of ND2-SmoA1 mice were shown at Day
0, 2 weeks, 4 weeks, and 6 weeks (Figure 6B). Tumor

F I GURE 4 LCN2 may be modulated by STAT3 in the tumor-associated astrocytes. (A) The expression of LCN2 protein in TAAs was detected
by western blot. (B) The expression of LCN2 was quantified by Image J. (C) The protein expression of JAK2, STAT3, phosphorylated STAT3 at
tyrosine 705 and serine 727 (p-STAT3 Y705, p-STAT3 S727) was detected by western blot in TAAs. (D) The expression of STAT3, p-STAT3 (Y705),
p-STAT3 (S727), and JAK2 was quantified by Image J. (E) The RNA expression of IL6, IL11, and LIF in TAAs was detected by q-PCR.
(F) Immunofluorescence staining of p-stat3 (Y705) and GFAP in ND2SmoA1 MB mice. The white arrows indicated the co-localization of p-STAT3
with GFAP. (G) ASs were treated with different concentration of WP1066 (STAT3 inhibitor) for 6 and 24 h. The control group was treated with
corresponding volume of DMSO. Cell lysates were harvested and the protein expression of STAT3, p-STAT3 (Y705), p-STAT3 (S727), and LCN2
was detected by western blot. TAAs were treated with WP1066 at the concentration of 10 μM for 6 h, the cells were harvested and the expression of
LCN2 was detected in TAAs by q-PCR (H) and ELISA (I). Images are representative, and values are expressed as the mean ± SEM from at least
three independent experiments. p-values are determined by t test (D, E) or one-way ANOVA (H, I).
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growth analysis showed that WP1066 significantly retarded
the MB growth. Tumor volume significantly decreased after
3 weeks of drug treatment (Figure 6C). Kaplan–Meier sur-
vival analysis showed that the OS of MB mice was signifi-
cantly improved after the treatment (Figure 6D), indicating
that WP1066 retarded the tumor progression in
ND2SmoA1 mice.

To validate whether WP1066 inhibits STAT3 in the
tumor tissue, we examined the protein expression of
p-STAT3 in the tumor-bearing MB mice treated by
WP1066 or vehicle. We found that the p-STAT3 expres-
sion was significantly decreased in the tumors of mice
with WP1066 treatment compared with the vehicle group
(Figure S6A,B), indicating that the effects of WP1066
inhibiting STAT3 were on the target. To investigate
whether the inhibitory effect of WP1066 in MB mice was
achieved by down-regulating the expression of LCN2 in
TAAs, we collected brain tissue of the mice and analyzed
the expression of LCN2 by immunofluorescence. We
found that WP1066 treatment reduced the expression of
LCN2 in TAAs significantly (Figure 6E,F). More impor-
tantly, although no significant change was observed in
the distribution pattern of TAAs, the proliferation ability
of tumor cells at the tumor margin was significantly
reduced in mice after WP1066 treatment. However, no
significant difference in tumor proliferation ability was
observed at the tumor center (Figure 6G,H), which seems
that the inhibition effect on tumor growth by WP1066
was related to the TAAs in MB. Our results in vivo
showed that WP1066 could reduce the expression of
LCN2 in TAAs by inhibiting the activation of STAT3
and finally inhibit the MB progression.

3.7 | AAV-sh-Lcn2 efficiently improved the
antitumor activity of SMO inhibitor in
ND2SmoA1 MB mice

To further investigate the inhibitory effect of targeting
LCN2 for MB treatment, we selectively knocked down
LCN2 in astrocytes by AAV delivery of sh-Lcn2 carried
with astrocyte-specific promoter in ND2-SmoA1 MB
mice (Figure 7A). The AAV serotype of PHP.eB which

has been reported to cross the BBB effectively was used
to avoid the interventional intracerebral injection [41].
MB mice bearing various volumes of tumors were ran-
domly divided into four groups. AAV-sh-Lcn2 or AAV-
scramble was administered intravenously at Day 0. Smo
inhibitor (Sonidegib) or vehicle with the same dose
(20 mg/kg) was given daily during the experiments. MRI
was used routinely to monitor the tumor growth in vivo
(Figure 7B).

In order to detect whether the AAV vectors infect the
astrocytes specifically, the astrocyte-specific expression of
eGFP was confirmed by immunofluorescence staining in
mice 4 weeks after AAV injection (Figure 7C). To further
assess the knockdown efficiency of sh-Lcn2 in TAAs
in vivo, we collected brain tissues of the mice and
analyzed the expression of LCN2 in tumor by immuno-
fluorescence. The results showed that the expression of
LCN2 in eGFP+ TAAs was reduced significantly in
AAV-sh-Lcn2-injected mice compared with controls
(p < 0.0001) (Figure 7D,E). These results revealed that
the AAV sh-Lcn2 vector could specifically knock down
the expression of LCN2 in TAAs in vivo.

To further explore the antitumor efficiency of
AAV-sh-Lcn2 alone or its combination with Sonidegib,
we measured the tumor size every 10 days in parallel
groups. The tumors of ND2-SmoA1 mice in the
four groups were shown at Day 0, 20, 40, and
60 (Figure 7F). Survival analysis showed that compared
to the control group (AAV-scramble + Vehicle), either
AAV-sh-Lcn2 (AAV-sh-Lcn2 + Vehicle, p = 0.0332) or
Sonidegib (AAV-scramble + Sonidegib, p = 0.0043)
alone, and the combination therapy (AAV-sh-Lcn2 +
Sonidegib, p = 0.0088) were all able to significantly prolong
the survival time of SHH-MB mice (Figure 7G). The tumor
growth of mice was significantly retarded when treated with
AAV-sh-Lcn2 or/and Sonidegib compared to the control
group 20 days after treatment. Moreover, AAV-sh-Lcn2
efficiently reduced the drug resistance and improved the
antitumor activity of SMO inhibitor in ND2-SmoA1 MB
mice significantly (p = 0.0423) (Figure 7H). Overall, these
results showed that anti-tumor efficacy was enhanced using
combination therapy compared to classical targeted treat-
ment alone. Therefore, we were convinced that LCN2

F I GURE 5 LCN2 knocked down in TAAs inhibited cell proliferation and migration ability of MB tumor cells. (A) Illustration of workflow: in
order to inhibit the expression of LCN2, TAAs were treated with WP1066 or siRNA for 24 h, the corresponding conditioned medium (TAAs
+ DMSO, TAAs + WP1066, TAAs + siNC, and TAAs + siLCN2) were obtained. The proliferation and migration of MB tumor cells were assessed,
and the control group was treated with the normal culture medium. (B) TAAs were treated by different concentrations (1, 2.5, and 5 μM) of WP1066
for 24 h. Control groups were treated by the corresponding volume of DMSO. The expression of STAT3, p-STAT3 (Y705), and LCN2 in TAAs was
detected by western blot. CCK8 (C) and wound healing (D) assay were performed for the proliferation and migration analysis of Daoy and ONS-76
treated with conditioned medium of TAAs + DMSO, TAAs + WP1066, and the control medium. (E) Wound healing areas of Daoy and ONS-76 at
different time points were quantified by imageJ. (F) Western blot was used to detect the protein level of LCN2 in TAAs transfected with siNC or
siLCN2. (G) Quantitative relative intensity analysis of western blot for the expression of LCN2 in TAAs by Image J. (H) RT-PCR was performed to
verify the knockdown efficiency of LCN2-siRNA in TAAs. (I) The mRNA levels of LCN2 in TAAs transfected with siNC and siLCN2 were assessed
by q-PCR. CCK8 assay (J) and wound healing assay (K) were performed to analyze the proliferation and migration ability of Daoy and ONS-76
treated with the conditioned medium of TAAs + siNC, TAAs + siLCN2-3. (L) Wound healing areas of Daoy and ONS-76 at different time points
were quantified by imageJ. The percentage of wound closure at each time point was normalized based on the wound area of 0 h. Images are
representative, and values are expressed as the mean ± SEM from at least three independent experiments. p-values are determined by t test.
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would be a potential and promising drug target of
SHH-MB.

4 | DISCUSSION

Astrocytes are of increasing interest for their pivotal role
in normal brain development and pathological processes
in central nervous system including neurodegenerative
diseases and brain tumors [11, 16, 37, 38, 42]. Astrocytes
in the TME called TAAs show the immune characteris-
tics with enhanced reactivity and have a close relation-
ship with tumor dissemination and metastasis [43].
However, until now, few studies have clarified the
dynamic changes of TAAs during the MB progression.
In the present study, we show the distribution characteris-
tics of TAAs at different time points during tumor
growth in the transgenic SHH-MB mouse model. It is
our novel finding that increased expression of LCN2 in
TAAs was closely correlated with the MB progression.

Our previous study reported that the M2
macrophages in TME of MB increased with the age of
SHH-MB-bearing mice [10]. Here, we observed different
distribution patterns of the TAAs during tumor growth.
TAAs, which were evenly distributed in SG tumors, gath-
ered to the margin of the LG tumors, forming “glia scar.”
Glial scar is the result of the increased reactivity and pro-
liferation of astrocytes in the brain after injury. The acti-
vated astrocytes will eventually lead to dysfunction,
overexcitation, or death of neurons [44, 45]. In our study,
the heterogeneity of TAAs in MB led to the difference in
proliferation and migration abilities between tumor cells
in the margin and those in the center. Considering the
effect of TAAs on the biological functions of tumor cells,
we speculated that MB cells would eventually reprogram
the adapted microenvironment by “instigating” a tumor-
promoting phenotype of TAAs.

In the present study, the specific distribution of TAAs
leads to a heterogeneous proliferative ability of tumor cells
at different tumor stages. This is consistent with previous
study that the number of TAAs in the relapsed MB is sig-
nificantly higher than that of primary tumors [11]. Recent
study reported that tumor-associated macrophages
(TAMs) including microglia and monocyte-derived mac-
rophages display different dimensions during different

stages of SHH-MB in mouse model [9]. Here, we found
that the reactivity and distribution pattern of TAAs in MB
were also related to the tumor stage. At the early stage,
they were evenly distributed within the tumor. Redistribu-
tion occurred during tumor growth. TAAs gathered at the
tumor margin, resulting in the higher proliferative ability
of tumor cells there than tumor cells in the center
(Figure 1B, Figure S1A). However, the regulating mecha-
nism about the process still remains unclear. The increased
TAAs in different tumor stages of SHH-MB may include
proliferative astrocytes, normal astrocytes attracted to the
tumor mass and trans-differentiated astrocytes [9, 11, 46].
In our SHH-MB mouse model, the TAAs we detected
were less proliferative than tumor cells. Whether the TAAs
come from normal reactive astrocytes, or the tumor-
derived astrocytes during MB progression remains to be
determined.

LCN2 is a member of lipocalin family. It was first
identified in the urine of mice with SV40-infected kid-
neys [47]. Up-regulation of LCN2 in tumor cells, such as
breast cancer, colorectal cancer, and pancreatic cancer
was reported to be related to tumor progression and ther-
apeutic resistance [48–50]. The cellular origin of LCN2 in
the brain and its role in different diseases were unclear
[19, 23, 51–53]. In the present study, we clarified that
high expression of LCN2 in TAAs was closely related
with the increased proliferation and migration ability of
SHH-MB both in vitro and in vivo. This result is consis-
tent with the previous study which reported that there
was statistical correlation between LCN2 and high histo-
logical grade of glioblastoma [54]. Besides SHH-MB, we
also found the increased expression of LCN2 was corre-
lated with the poor survival of G3-, G4-MB patients
(Figure S3B–D). This result indicated that LCN2 may be
a promising candidate target in SHH-, G3-, and G4-MB
combination therapy. More studies on the functions of
LCN2 in G3-, and G4-MB are remained to be explored.

As an inflammatory molecule, LCN2 is regulated by
a variety of cytokines and transcription factors, such as
IL-10, NFκB, and STATs [49, 52]. The increased expres-
sion of LCN2 in endothelial cells was considered to be
related to the activation of STAT3/LCN2 signal pathway
by exosomes derived from glioblastoma [23]. JAK/-
STAT3 pathway also plays a key regulatory role in the
signal cascade related to astrocyte reactivity [55]. It was

F I GURE 6 Inhibition of LCN2 retarded the tumor progression of MB in the ND2SmoA1 MB mice model. (A) Schematic illustration of the
experimental design. Mice were randomly divided and treated with DMSO (Vehicle group) or WP1066 (WP1066-treated group), and the
tumorigenesis of mice were monitored by MRI. (B) Representative MRI images of each mouse at 2, 4, or 6 weeks (n = 9 in each group). (C) Tumor
volumes of mice during administration. Tumor volume on Day 0 was set as 100, tumor volume at each time point was shown after normalization.
(D) Kaplan–Meier survival analysis was performed to identify the survival of mice. (E) Immunofluorescence staining of GFAP in green color and
LCN2 in red color was performed to determine the expression of LCN2 in TAAs of MB mice treated with WP1066 and Vehicle. (F) The mean
immunofluorescence pixel intensity of LCN2 was quantified by ImageJ software. (G) The distribution pattern of astrocytes and the proliferation
ability of tumor cells in tumor margin (left) and tumor center (right) were determined in both vehicle (up) and WP1066-treated (down) group of MB
mice by GFAP (red color) and Ki67 (green color) immunofluorescence staining, respectively. (H) The mean immunofluorescence pixel intensity of
Ki67 was quantified by ImageJ software (three pictures were randomly captured for each tumor, n = 4). p-values are determined by two-way
ANOVA (C, H), t test (F), or log-rank (Mantel–Cox) test. Images are representative, and values are expressed as the mean ± SEM.
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F I GURE 7 Specific knockdown of LCN2 in astrocytes improved the antitumor activity of Sonidegib in ND2SmoA1 MB mice. (A) Schematic of
the elementary components AAV-shRNA vector used in this study. (B) Schematic illustration of a schedule for AAV injection and Sonidegib
treatment. Mice were injected with AAV-shLcn2 or AAV-scramble via tail vein at Day 0. Sonidegib and Vehicle were orally administrated every day,
and the tumorigenesis of mice was monitored by MRI (six mice for AAV-scramble + Vehicle, six for AAV-scramble + Sonidegib, six for AAV-
shLcn2 + Vehicle, and five for AAV-shLcn2 + Sonidegib). (C) Immunofluorescence staining of astrocytes with GFAP in red color. Confocal images
of the astrocyte-specific expression of eGFP 4 weeks after the AVV injection. (D) Immunofluorescence staining of LCN2 in red color was performed
to determine the expression of LCN2 in eGFP+ TAAs of MB mice injected with AAV-shLcn2 and AAV-scramble. (E) The mean
immunofluorescence pixel intensity of LCN2 was quantified by ImageJ software (Photos were taken using the same exposure and magnification
settings, five pictures were randomly captured for the tumor of each mouse, n = 7). (F) Representative MRI images of each mouse at 0, 10, 40, and
60 days. (G) Kaplan–Meier survival analysis was performed to identify the survival of mice. (H) Tumor volumes of mice during administration.
Tumor volume on Day 0 was set as 100, tumor volume at each time point was shown after normalization, and the statistical marker in the figure was
the statistical difference among each group at the time point of 50 days. p-values are determined by t test (E, H), log-rank (Mantel–Cox) test (G), and
values are expressed as the mean ± SEM.
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reported that the up-regulation of p-STAT3 in astrocytes
promoted the tumor progression of various metastatic
malignancies [37]. Our current study showed that inhibit-
ing the activation of JAK2/STAT3 in TAAs by STAT3
inhibitor (WP1066) could inhibit the proliferation of
SHH-MB both in vitro and in vivo. WP1066 could signif-
icantly inhibit the expression of LCN2 in TAAs and had
great potential advantages in the treatment of MB. It is
worth noting that the effective time of WP1066 on
STAT3 and LCN2 was limited, as shown in Figures 4G
and 5B. This may be related with the inhibitory effect of
WP1066 on STAT3 can lead to expression alterations
of other molecules in the same pathway, such as JAK2
and ERK1/2, which has been confirmed by other studies
of WP1066 in vitro [56]. Moreover, as WP1066 is not a
specific inhibitor for TAAs, its clinical safety and effec-
tiveness need to be further evaluated. Compared with the
wide expression of STAT3, LCN2 is specifically
expressed in the brain under pathological conditions.
Notably, our results have shown that anti-tumor efficacy
of knocking down LCN2 combined with Sonidegib treat-
ment was enhanced compared to Sonidegib treatment
alone in the ND2SmoA1 MB mice model, indicating that
combined targeted therapy strategy improved the effect
of classical targeted therapy of MB. Hence, LCN2 is
expected to become a novel and promising therapeutic
target for MB patients, especially for SHH-MB.

In conclusion, we elucidated the key regulatory mech-
anism of TAAs during MB progression. We first clarified
that LCN2 in MB was correlated to the poor prognosis
of MB patients. LCN2 in MB was mainly secreted from
TAAs, which was regulated by the JAK2/STAT3 path-
way. Through the drug intervention experiment in the
SHH-MB mouse model, we preliminarily discussed
the feasibility of LCN2 as a potential molecular tar-
get of MB.
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