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Abstract Glioblastoma (GBM) is a malignant brain tumor that grows quickly, spreads widely,
and is resistant to treatment. Fibroblast growth factor receptor (FGFR)1 is a receptor tyrosine
kinase that regulates cellular processes, including proliferation, survival, migration, and dif-
ferentiation. FGFR1 was predominantly expressed in GBM tissues, and FGFR1 expression was
negatively correlated with overall survival. We rationally designed a novel small molecule
CYY292, which exhibited a strong affinity for the FGFR1 protein in GBM cell lines in vitro.
CYY292 also exerted an effect on the conserved Ser777 residue of FGFR1. CYY292 dose-depen-
dently inhibited cell proliferation, epithelialemesenchymal transition, stemness, invasion,
and migration in vitro by specifically targeting the FGFR1/AKT/Snail pathways in GBM cells,
and this effect was prevented by pharmacological inhibitors and critical gene knockdown. In
armaceutical Science, Wenzhou Medical University, Wenzhou, Zhejiang 325035, China.
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vivo experiments revealed that CYY292 inhibited U87MG tumor growth more effectively than
AZD4547. CYY292 also efficiently reduced GBM cell proliferation and increased survival in
orthotopic GBM models. This study further elucidates the function of FGFR1 in the GBM and
reveals the effect of CYY292, which targets FGFR1, on downstream signaling pathways directly
reducing GBM cell growth, invasion, and metastasis and thus impairing the recruitment, acti-
vation, and function of immune cells.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Glioblastoma (GBM), the most malignant type of glioma
(grade IV), arises from astrocyte progenitor cells or stem
cells. Among the most common brain tumors in humans,
GBM has the highest fatality rate.1e5 GBM is one of the most
aggressive forms of brain cancer, which is highly invasive
and prevents surgical removal of all tumor cells, making
recurrence inevitable. The great migratory capacity of GBM
to infiltrate surrounding tissues is, at least in part,
responsible for their invasion nature. Epithelial-mesen-
chymal transition (EMT) is thought to be one of the mech-
anisms that confer this invasive property to GBM cells.6 EMT
is a biological process in which polarized epithelial cells are
induced to undergo many biochemical changes, resulting in
a mesenchymal phenotype with greater migratory capacity
and resistance to genotoxic drugs.7 EMT is induced by the
transitory activation of several oncogenic signaling path-
ways, triggering the reversible activation of transcription
factors, such as Snail, Slug, Zeb1, and Twist.8 Factors that
induce EMT in cancer may potentially induce EMT of glioma
cells. Furthermore, EMT is an important inducer of the
cancer stem cell (CSC) phenotype.9,10 GBM cells with a
mesenchymal subtype frequently express neural stem cell
markers and exhibit an aggressive character.10 In vitro and
in clinical settings, glioma cells expressing stem cell
markers are highly aggressive and resistant to chemo-
therapy and radiotherapy.11,12 Therefore, it is urgent to
find effective drug preparations and develop new thera-
peutic strategies to improve the prognosis of GBM cancer.

Fibroblast growth factor receptors (FGFRS) belong to the
tyrosine kinase receptor (TKR) family and regulate cell
proliferation, survival, migration, and differentiation.13e15

Activation of the FGFR signaling pathway stimulates down-
stream signaling cascades, such as the Ras/mitogen-acti-
vated protein kinase kinase (MAP3K), phosphatidylinositol-3-
kinase (PI3K)/protein kinase B (AKT), signal transducer and
activator of transcription (STAT), and phospholipase C g
(PLCg) pathways, leading to tumor development and met-
astasis.16e18 FGFR1 gene is mutated or overexpressed in GBM
and a wide spectrum of other solid tumors, including head
and neck squamous cell carcinoma (HNSCC), melanoma, and
breast, lung, prostate, bladder, and ovarian cancer. These
tumorigenic FGFR1 aberrations constitutively activate
FGFR1 and downstream contributing to tumor devel-
opment.19e21 The Ser777 residue of FGFR1, which is located
in the C-terminal tail, is a specific phosphorylation site
targeted by ERK1 and ERK2. Ser777 phosphorylation lowers
the activity of FGFR1 and its capacity to transmit mitotic
signals, and FGFR1 Ser777 phosphorylation and cell migra-
tion may be strongly related to many types of cancer.22,23 In
preclinical studies, FGFR inhibitors have been demonstrated
to be quite effective and have shown great therapeutic
value in preclinical models. AZD4547 and Infigratinib, two
multikinase inhibitors that target FGFR and other kinases,
have already excellent therapeutic promise in the clinical
investigation of non-small cell lung cancer (NSCLC) and
various other advanced solid tumors. However, the
bloodebrain barrier (BBB) is a critical barrier to the clinical
efficacy of therapeutics to treat GBM,16,24,25 as tyrosine ki-
nase inhibitors and other compounds cannot easily cross the
BBB to exert their effects on GBM.26

In the present investigation, we identified CYY292 as a
novel type of small molecule FGFR1 inhibitor. We describe
how FGFR1 can be inhibited by CYY292 to prevent tumor
invasion, metastasis, stemness, and proliferation. Addi-
tionally, we show that CYY292 can suppress brain cancer
progression by crossing the BBB. Our research findings
indicate that the FGFR1 protein is a druggable therapeutic
target and that patients with locally advanced and meta-
static cancer may benefit from the pharmacological effects
of CYY292 on FGFR1.

Materials and methods

GBM cancer cell lines

The human GBM cancer cell lines U87MG, LN229, and U251,
human embryonic kidney cell line human embryonic kidney
(HEK) 293Tandmouse microglia cell line BV2 were purchased
from the Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences (Shanghai, China). The cells were grown
in DMEM (Gibco, Carlsbad, USA) supplemented with 10% FBS
and 1% penicillin‒streptomycin (Gibco, Carlsbad, USA) at
37 �C in a humidified incubator containing 5% CO2.

Compound synthesis

On reasonable request, detailed information on the organic
synthesis and chemical properties of the compound can be
obtained. The compounds used in the study were dissolved
in 100% dimethyl sulfoxide (DMSO) to obtain 10 mM stock
solutions for in vitro studies. The FGFR inhibitor AZD4547
(cas no: 1035270-39-3, Shanghai, China) and PD173074 (cas
no: 219,580-11-7, Shanghai, China) were purchased from
Aladdin.
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Cell viability and apoptosis assays

Cell proliferation was measured with a Cell Counting Kit-8
(CCK8) kit (Beyotime, Shanghai, China) according to the
manufacturer’s instructions. The cells were treated with
vehicle or different concentrations of CYY292 for another
24 h. The cell growth was assessed by measuring the
absorbance at 450 nm using a Molecular Devices microplate
reader. The inhibition rate was calculated as follows
[1 � (treatment/control)] � 100%. The logit technique was
used to determine the IC50 value.

For apoptosis analysis, U87MG cells were treated with
vehicle or various concentrations of CYY292 for 24 h, and
the percentage of apoptotic cells was determined by the
FITC-conjugated Annexin V and PI staining (YEASEN,
Shanghai, China) for 10 min according to the manufac-
turer’s instructions. Cell apoptosis was analyzed with
FlowJo software.

Cell migration and invasion assays

For migration and invasion analysis, cells were inoculated in
a serum-free medium (BD Bioscience) in the upper insert of
a Transwell system. The lower insert, which was precoated
with Matrigel (for cell migration analysis) or not (for cell
invasion analysis), was filled with a complete culture me-
dium. After the incubation period, the cells were fixed with
methanol for 10 min, stained with 0.5% crystal violet, and
counted under a microscope.

Western blotting and antibodies

Lysates were prepared from cells and tumor tissues for
further use, and the protein concentrations were deter-
mined using the Bradford assay (Bio-Rad, Hercules, CA). The
cell lysates were subjected to immunoblotting using anti-
FGFR1 (Cell Signaling, #9740, 1:1000), anti-FGFR2 (Cell
Signaling, #23328, 1:1000), anti-FGFR3 (Cell Signaling,
#4574, 1:1000), anti-phosphorylated FGFR2 (Cell Signaling,
#3476, 1:1000), anti-glial fibrillary acidic protein (GFAP)
(Cell Signaling, #3670, 1:200), anti-AKT (Cell Signaling,
#4691, 1:2000), anti-phosphorylated AKT (Cell Signaling,
#4060, 1:1000), anti-p44/42 MAPK (Cell Signaling, #4695,
1:3000), anti-phosphorylated p44/42 MAPK (Cell Signaling,
#4370, 1:3000), anti-GAPDH (Cell Signaling, #97166, 1:5000),
anti-Vimentin (Cell Signaling, #5741, 1:3000), anti-GSK3b
(Cell Signaling, #5676, 1:2000), anti-phosphorylated GSK3b
(Cell Signaling, #9322, 1:2000), anti-snail (Cell Signaling,
#3879, 1:1000), anti-slug (Cell Signaling, # 9585.1:1000),
anti-sox 2 (Cell Signaling, #3579, 1:1000), anti-Nanog (Cell
Signaling, #4903.1:1000), anti-IkBɑ (Cell Signaling,
#9242.1:2000), anti-phosphorylated IkBɑ (Cell Signaling,
#5209.1:2000), anti-p65 (Cell Signaling, #8242, 1:500), anti-
phosphorylated p65 (Cell Signaling, #13346,1:500), anti-p38
(Cell Signaling, #8690.1:1000), anti-phosphorylated p38
(Cell Signaling, #4511, 1:1000), anti-cleaved caspase 3 (Cell
Signaling, #9661.1:200), anti-b-actin (Cell Signaling,
#4970.1:5000), anti-phosphorylated FGFR1 (Abcam,
ab173305, 1:1000), anti-phosphorylated FGFR3 (Abcam,
ab155960,1:1000), anti-CD31 (Abcam, ab28364, 1:200), anti-
F4/80 (Abcam, ab11101, 1:200), anti-phosphorylated serine
(Abcam, ab9332, 1:1000), anti-ki67 (Abcam, ab15580,
1:300), anti-mouse (Abcam, ab6728,1:10,000), and anti-
rabbit (Abcam, ab6721, 1:10,000).

Cellular thermal shift assay (CETSA)

U87MG cells were treated with the indicated concentra-
tions of CYY292 in a CO2 incubator at 37 �C. Control cells
were incubated with an equal amount of DMSO. After in-
cubation, the cells were washed twice with cold PBS and
then resuspended in cold PBS supplemented with a prote-
ase/phosphatase inhibitor cocktail. The cells were added to
PCR strip tubes and heated in a thermocycler at the indi-
cated temperature for 3 min. Then, the cells were lysed
using two repeated freezeethaw cycles (a pool of liquid
nitrogen for uniform cooling and a block of metal heated to
25 �C for uniform heating). The supernatants were trans-
ferred to new tubes for Western blot analysis.

RNA preparation and qRT-PCR

Total RNA was isolated with a TRIzol kit (cat. no.
15596e026; Invitrogen). cDNA was synthesized from 1 mg of
total RNA using a Prime Script RT reagent kit (cat. no.
RR047A; Takara, Shiga, Japan). qRT‒PCR was performed
using qPCR Master Mix (Vazyme). The mRNA levels of the
target genes were normalized to GAPDH levels. The primer
sequences are listed in Table S1.

Kinase activity analysis

In this experiment, we used the mobility shift assay method
to assess the effects of various compounds on kinases. The
compounds were applied at 5 concentrations (1000 nM
stock solutions were diluted 10-fold). The compounds were
added to single or multiple wells, and the assay was per-
formed following the manufacturer’s instructions (Sundia,
Shanghai, China).

Molecular docking

The CDOCKER module of Discovery Studio 2016 was used for
molecular docking in molecular modeling. CYY292 was
mapped and converted to a 3D structure, and then locally
minimized using the chemistry of the Harvard Macromo-
lecular Mechanics (CHARMM) force field and X-ray crystals
attached to FGFR1 (PDB code: 4V05). The binding site was
determined by the initial ligand in the crystal structure and
the protein-compound interaction was analyzed. Last, the
image was created using PyMOL.

Colony formation assay

In 6-well plates, LN229 and U87MG cells (400e600 cells/
well) were plated. After 24 h of incubation, the cells were
treated with different concentrations of CYY292 and then
cultured for another 12 days. Finally, the cells were
cleaned with phosphate buffered saline (PBS); colonies
were fixed with methanol, stained with 0.5% crystal violet
solution, and counted under a microscope.
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Cloning, virus production, and infection

Full-length FGFR1 and truncated mutants were amplified by
PCR and subcloned into the p3XFLAG-CMV vector. pLKO.1-
FGFR1-shRNA1, pLKO.1-FGFR1-shRNA2, and Plko.1-FGFR1-
shRNA3 were generated by GenScript Biotech Inc. (Hang-
zhou, China). HEK293T cells were transfected with the psPX2
and pMD2. G plasmids to obtain lentiviruses. The medium
was replaced 24 h after transfection, and the conditioned
medium containing virus particles was collected 48 h and
72 h after transfection. For virus infection, cells were
treated with 10 mg/mL polybrene (Yeasen, China) mixed
with virus-containing medium and culture medium at a ratio
of 1:1 for 24 h. The cells were transfected again for 24 h,
cultured in fresh medium for 24 h, and selected with puro-
mycin-containing medium for 1 week. The sequences of the
specific shRNAs used in this study are as follows: shFGFR1#1
(50GATCCGGCTTCACTTAAGAATGTCTCTCAAGAGAGACATTTC-
TTAAGTGAAGCTTTTT30), shFGFR1#2 (50GATCCGCCGTCAATG
TTTCAGATGATGCTATCAAGAGGAGCATCTGAAACATTGACGGT
TTTT30), and shFGFR1#3 (50GATCCGGGCTTATTAATTCCGAT
ACTATCAAGAGTAGTATCGGAATTAATAAGCCTTTTT30).

Histological, immunofluorescence, and
immunohistochemical analyses

For histology, tumors and normal tissues were fixed with 4%
PFA and embedded in paraffin. The embedded tissues were
sectioned at 5 mm, dewaxed, and stained with hematoxylin
and eosin (H&E). For immunofluorescence analysis, cells
and rehydrated tissue were grown on slides, fixed with 4%
PFA, and incubated with antibodies. The images were ac-
quired with a Leica-TCS SP8 microscope. For immunohis-
tochemical analysis, defatted sections were incubated with
citric acid-based antigen exposure solution for antigen
retrieval. The sections were incubated in 0.3% H2O2 in PBS
followed by a blocking buffer.

High-performance liquid chromatography (HPLC)

The compound was dissolved in a mixture of DMSO and
physiological saline and injected into C57BL/6 mice via the
tail vein at a dose of 30 mg/kg. The mice were sacrificed
after anesthesia; their blood was collected from the ret-
roorbital sinus; and their brain, heart, liver, spleen, lung,
and kidney were collected (3 time points within 24 h, 3
mice per time point). The concentration of the compound
was determined by liquid chromatography-tandem mass
spectrometry (LC‒MS/MS) (Worster, Germany).

Alanine aminotransferase (ALT) level measurement

ALT levels in the liver were measured with a kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) ac-
cording to the manufacturer’s protocol.

Tumor xenograft and orthotopic xenograft models

All animal experiments complied with Wenzhou Medical
University on the Care and Use of Laboratory Animals
(wydw2021-0204). A total of 1 � 106 cells in a single-cell
suspension were injected subcutaneously into the backs of
6- to 8-week-old male nude mice. The mice were randomly
divided into three groups and maintained until their tumors
reached a size of approximately 100 mm3. The tumor vol-
ume was calculated every day using the following formula:
p � length � width2/6. At the end of treatment, the mice
were euthanized (We allowed the animals to breathe
diethyl ether and then utilized cervical dislocation to kill
them in accordance with the applicable units’ animal care
and guidelines.), and tumors and organs were dissected,
photographed, and weighed. In some experiments, 1 � 106

control shRNA-expressing cells and 2 � 106 FGFR1 shRNA-
expressing cells were used to establish tumors of the same
size. The tumor-related symptoms of tumor-bearing ani-
mals were regularly scored.

To further study the pharmacological properties of
CYY292, we established an orthotopic xenograft nude
mouse model. After the animals were deeply anesthetized
(isoflurane), an incision was made in the scalp to expose
the skull, and holes were drilled 0.5 mm anterior to and
1.0 mm lateral to the bregma. To establish the model,
2 � 105 cells were stereotactically injected into the right
striata of the mice. On day 14 after injection, the tumor
burdens of the mice were assessed using a GE Discovery
750 3.0 T MR scanner at the Zhejiang Hospital of Inte-
grated Traditional Chinese and Western Medicine Hospital.
The number of surviving nude mice was recorded, and
survival analysis was performed by the KaplaneMeier
method.

Patient samples

In this study, 12 untreated patients with primary GBM
were recruited from the Second Affiliated Hospital of
Wenzhou Medical University (Zhejiang, China; 2021-K-73-
02). Tissue samples were retrieved from the Department
of Pathology and sectioned. Subsequently, the tissue
sections were fixed and subjected to immunohistochem-
ical staining.

Clinical data analysis

Glioblastoma gene expression profiles and associated clin-
ical data were downloaded from Gene Expression Profiling
Interactive Analysis (GEPIA)2 (http://gepia2.cancer-pku.
cn/#index). We further analyzed the relationship between
gene expression and the progression of glioma ((http://
www.cgga.org.cn).

Statistical analysis

All experiments were performed in a blinded manner. Data
from 3 independent experiments were presented as the
mean � SD. The number of groups/conditions (n) in each
experiment is provided, and the data were presented as
independent values rather than replicated. Differences
were evaluated by the ManneWhitney U test, unpaired
two-sided Student’s t-test, or one-way analysis of variance
(ANOVA) with Tukey’s post hoc test. *P < 0.05 was consid-
ered statistically significant.

http://gepia2.cancer-pku.cn/#index
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Figure 1 FGFR1 expression is negatively correlated with GBM prognosis. (A) Bioinformatic analysis of FGFR1 mRNA levels in the
normal and GBM samples. (B) KaplaneMeier survival analysis of TCGA GBM data. The data were collected from a public data set of
stromal gene expression in GBM (GEPIA2). (C) FGFR1 expression is significantly up-regulated along with the WHO grade in the CGGA
database. *P < 0.05. (D) Immunohistochemistry analysis of FGFR1 and FGFR2 expression in GBM and NB tissues. (E) Quantification of
FGFR1 and FGFR2 in GBM and NB tissues. (F) Immunoblot analyses of the levels of phospho-FGFR1, phospho-FGFR2, and phospho-
FGFR3 in the indicated cells treated with vehicle or various concentrations CYY292. (G) Densitometry of pFGFR1/FGFR1, pFGFR2/
FGFR2, and pFGFR3/FGFR3 protein in cells as described in (F). (H) CYY292 was docked into the FGFR1 (4V05) using the docking
program. The image shows the predicted binding pose. (I) Quantification was made using Western blot, U87MG cells were treated
with CYY292 (4 mM) for 2 h, and temperatures between 42 �Ce60 �C were defined to perform the test. (J) Densitometry of FGFR1/b-
actin protein in cells as described in (I). (K) Immunoblot analysis of pFGFR1 expression in exogenous FGFR1 in HEK293T cells treated
with vehicle or CYY292 and then with cycloheximide (CHX). (L) Densitometry of p-FGFR1/FLAG protein in cells as described in (K).
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Results

FGFR1 expression is negatively correlated with
GBM prognosis

FGFR1 expression levels in tumors were significantly higher
than those in normal tissues according to bioinformatics
analysis of gene expression data from GEPIA (Fig. 1A). FGFR2
levels and FGFR3 levels exhibited the opposite change (Fig.
S1A, B). There was no discernible difference in FGFR4 levels
between the two groups (Fig. S1C). We also assessed which
FGFR may be the most strongly associated with patient
outcomes by analyzing a GBM dataset from TCGA using the
KaplaneMeier method. The analysis verified that FGFR1
levels were negatively correlated with the overall survival of
patients (Fig. 1B). There was no significant correlation be-
tween FGFR2, FGFR3, or FGFR4 levels and patient survival
(Fig. S1DeF). We then analyzed data from the Chinese Gli-
oma Genome Alta (CGGA) database, and the results indi-
cated that FGFR1 levels correlated with the progression of
glioma (Fig. 1C). While FGFR3 and FGFR4 levels were not
significantly correlated with glioma grade, FGFR2 levels
decreased with increasing glioma grade (Fig. S1GeI). Our
finding that FGFR1 is overexpressed in GBM was further
supported by immunohistochemical staining of human gli-
oma tissues (Fig. 1D). FGFR2, FGFR3, and FGFR4 tested
higher expression in non-tumor brain (NB) tissues than in
GBM tissues (Fig. S1J). Collectively, these data imply that
FGFR1 is frequently overexpressed in GBM and that FGFR1
expression is negatively correlated with overall survival.

CYY292 is a potent and selective inhibitor of FGFR1

Subsequently, we designed and optimized a series of com-
pounds that inhibit FGFR1. Among them, compound CYY292
(C24H28N8O; MW, 444.24) had the strongest inhibitory ef-
fect on U87MG cell survival (Fig. S1L). The total synthesis of
CYY292 is shown in Figure S2A. Acute toxicity tests showed
that C57BL6 mice injected intraperitoneally (i.p.) with a
single dose of CYY292 up to 80 mg/kg showed no apparent
adverse health effects over a 14-day observation period
(Fig. S2B). An in vitro kinase activity assay revealed that
CYY292 inhibited the tyrosine kinase activity of FGFR1,
FGFR2, and FGFR3 with IC50 values of 28, 28, and 78 nM,
respectively (Fig. S1M) but had a weaker effect on FGFR4
kinase activity (IC50 > 1000). We next examined the degra-
dation selectivity of CYY292. Immunoblot analysis indicated
that CYY292 degrades phosphorylated FGFR1 with high
selectivity without degrading phosphorylated FGFR2 or
phosphorylated FGFR3 (Fig. 1F). CYY292 has excellent po-
tency and remarkable selectivity for FGFR1, a member of
the FGFR kinase family. Molecular docking experiments
were carried out to more thoroughly assess the target
interaction and binding mechanism of CYY292 to the FGFR1
protein [Protein Data Bank (PDB): 4V05] (Fig. 1H). Our
computer simulations show that CYY292 forms hydrogen
(M) Exogenous FGFR1-WT and FGFR1 S777D of HEK293T cells were c
of pFGFR1/FLAG protein in cells as described in (M). (O) Compari
HEK293T cells treated with vehicle or 2 mM CYY292 for 12 h. MG132
G; IP, immunoprecipitation. Data are represented as mean � SD. *
bonds with ALA564 and GLU562 (the dominant force). To
further confirm the binding of the compound to FGFR1, we
performed a CETSA to assess protein stability.27 Western
blot analysis showed that FGFR1 was denatured at 47 �C in
DMSO-treated control cells. However, following compound
CYY292 treatment, the denaturation temperature increased
to 58 �C (Fig. 1I, J). This finding indicates that compound
CYY292 specifically stabilizes the FGFR1 protein in cells.

To directly investigate whether CYY292 impacts FGFR1
protein stability, we transfected exogenous FLAG-FGFR1
into HEK293T cells, treated them with cyclohexylamine
(CHX; 100 mg/mL) to block the synthesis of new proteins and
assessed phosphorylated FGFR1 degradation. After CHX
treatment, phosphorylated FGFR1 showed reduced stability
and was degraded quickly in CYY292-treated cells, while it
was relatively stable in vehicle-treated cells, indicating that
CYY292 reduced the stability of phosphorylated FGFR1
(Fig. 1K, L). Serine residues are prevalent in the C-terminal
region of FGFR1; therefore, we believe that FGFR signaling
may be regulated by the phosphorylation of certain serine
residues.22 We compared the stability of phosphorylated
FGFR1 in cells harboring the FGFR1-S777D mutant and WT
FGFR1 after CYY292 treatment. CYY292 reduced phosphor-
ylated FGFR1 protein levels in FGFR1-WT cells in a dose-
dependent manner; however, 2 mM CYY292 had no effect on
phosphorylated FGFR1 protein levels in FGFR1-S777D cells
(Fig. 1M), confirming that Ser777 is a crucial amino acid
residue for the binding of CYY292 to FGFR1. To determine
whether this effect of CYY292 is caused by the phosphory-
lation of FGFR1, we subjected it to immunoprecipitation (IP)
using anti-FLAG beads. Notably, we observed that CYY292
increased the serine phosphorylation of FLAG-WT but had no
effect on the serine phosphorylation of FLAG-S777D
(Fig. 1O). These results imply that CYY292 alters FGFR1
phosphorylation both exogenously and endogenously,
largely through the negative feedback effect of Ser777.

CYY292 reduces GBM cell migration and invasion
and suppresses EMT

To evaluate the antitumor activity of CYY292, the inhibi-
tory effect of CYY292 on the growth of U87MG, U251, and
LN229 human GBM cells and BV2 mouse microglial cells
was evaluated by the CCK-8 assay (Fig. S3A). We selected
AZD4547 and PD173074, as the reference drugs. The ac-
tivity of the three compounds against FGFR1 kinase is
shown in Figure S3K. As shown in Figure 2A and D, we
discovered that CYY292 had a stronger effect on sup-
pressing cell proliferation than AZD4547 and PD173074. In
contrast, in normal BV2 microglia, the effect of CYY292
was not different from that of AZD4547 or PD173074
(Fig. S3J). We first tried to determine whether CYY292
affects the migration and invasion of a variety of GBM
cells. As shown in Figure 2B and E, CYY292 dose-depen-
dently reduced the migration and invasion of all types of
GBM cells in vitro (Fig. S3B). Wound-healing assays
ompared for endogenous p-FGFR1 expression. (N) Densitometry
son of phospho-Serine FGFR1-WT and FGFR1 S777D proteins in
(10 mM) was added 4 h before harvesting. IgG, immunoglobulin
P < 0.05, **P < 0.01, one-way ANOVA test.
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indicated a significant reduction in the wound closure area
of CYY292 treatment cells at 24 h compared with negative
control (NC) cells (Fig. S3DeI). CYY292 treatment for 24 h
did not induce obvious apoptosis in U87MG cells but did
decrease cell growth in a dose-dependent manner (by
w62% at 10 mM) (Fig. 2K). F-actin is necessary for several
crucial cellular processes, including cell contraction and
motility, during cell division.28 We discovered that the
levels of the cytoskeletal proteins F-actin and cortactin
are altered by CYY292 (Fig. 2G, H), leading to the inhibi-
tion of cell migration and invasion. To assess the impact of
Figure 2 CYY292 reduces GBM cell migration and invasion and su
on the viability of GBM cancer cells. Cells were challenged with inc
measured by CCK8. IC50 values in U87MG and LN229 are shown. (B,
and LN229 (E) cells. Cells pretreated with CYY292 at different dose
invasion assay) or absence (for migration assay) of pre-coated Matr
U87MG cells as shown in (B) and the migrated and invaded LN229 ce
and cortactin in vehicle- and CYY292-treated LN229 (G) and U87MG
ECM remodeling genes (MMP2, MMP9, MMP13, MMP14), cell growth-s
cadherin, vimentin, FN1, Krt8). (K) Cell apoptosis analysis of U87
CYY292 for 24 h (n Z 3). Cells were co-stained with Annexin V and
one-way ANOVA test.
CYY292 on GBM cell function, mRNA was isolated from
vehicle- and CYY292-treated LN229 and U87MG cells. We
discovered that the expression of epithelial markers (E-
cadherin and keratin 18) was increased, while the
expression of mesenchymal markers fibronectin (FN1) and
vimentin was reduced. Notably, qRT-PCR analysis also
showed that the expression of extracellular matrix (ECM)
remodeling genes (MMP2, MMP9, MMP13, and MMP14) and
cell growth-stimulating genes (ID1 and ID3), which are
related to invasion and metastasis was significantly
decreased in CYY292-treated cells (Fig. 2I, J).
ppresses EMT. (A, D) Effect of CYY292, AZD4547, and PD173074
reasing concentrations of CYY292 for 24 h and cell viability was
E) Boyden chamber migration and invasion assays of U87MG (B)
s for 24 h were seeded in the upper insert in the presence (for
igel (n Z 3). (C, F) Quantification of the migrated and invaded
lls as shown in (E). (G, H) Immunofluorescent staining of F-actin
(H) cells. Nuclear, DAPI (blue). (I, J) qPCR analysis validated

timulating genes (ID1 and ID3) as well as genes encoding EMT (E-
MG cells that were treated with vehicle or different doses of
PI. Data are represented as mean � SD. *P < 0.05, **P < 0.01,
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CYY292 specifically targets the FGFR1 signaling
pathway in GBM cells

Because CYY292 specifically targets the FGFR1 receptors,
we first tested whether the compound could directly affect
FGFR signaling pathways in several kinds of GBM cells. Based
on previous research (Fig. 1F), we administered three con-
centrations of CYY292, 0.5 mM, 1 mM, and 2 mM, to GBM cells
to explore the underlying mechanism of the compound. We
observed that phosphorylated FGFR1 (Tyr653) levels started
to decrease in U87MG cells after treatment with 0.1 mM
CYY292 (Fig. 3A). Additionally, CYY292 effectively inhibited
downstream FGFR1 signaling in LN229 cells, as determined
by assessing the phosphorylation of the scaffold proteins
AKT (Ser473) and ERK (Thr202/Tyr204).29 No significant
changes in FGFR1 mRNA levels were detected in CYY292-
treated cells relative to control cells (Fig. S4A, B). CYY292
suppressed FGFR1 phosphorylation in a manner similar to
that of PD173074, and the effect of CYY292 was dose- and
time-dependent (Fig. S4C). Immunofluorescence analysis
revealed that phosphorylated FGFR1 expression was mark-
edly decreased and GFAP expression was increased in
CYY292-treated LN229 and U87MG cells compared to control
cells (Fig. 3B). Immunoblotting and immunofluorescence
showed that CYY292 dose-dependently reduced the FGF2-
induced phosphorylation of several FGFR downstream pro-
teins and inhibited downstream signaling pathways in LN229
and U87MG cells (Fig. 3CeG).

The PI3K-AKT pathway, a branch of the FGF signaling
pathway,30 increases GSK3b activity by phosphorylating
GSK3b at Ser9, increasing the stability and nuclear trans-
location of Snail and thereby promoting EMT.31,32 Therefore,
we investigated whether CYY292 has an impact on the AKT/
GSK3b/Snail pathway in LN229 and U87MG cells (Fig. 3H). As
shown in Figure 3I, the mRNA levels of Slug, Snail, Zeb1, and
Twist were decreased by approximately 60% relative to the
basal level upon CYY292 treatment. After CYY292 treat-
ment, the expression of the mesenchymal marker vimentin
was decreased (Fig. 3K, L), and the expression of the
epithelial marker E-cadherin increased (Fig. 3J) in GBM cells.

CYY292 blocks EMT by inactivating the Akt/GSK3b/
Snail pathway

To prove our assumption, U87MG cells were infected with
Flag-FGFR1. The phosphorylation of FGFR1, AKT, GSK3b,
and Snail was increased in the FGFR1-overexpressing group
compared with the control group, and CYY292 mitigated
the changes in the expression of signaling proteins down-
stream of FGFR1 (Fig. 4A). To directly test whether FGFR1 is
involved in the suppressive effect of CYY292 on cell inva-
sion. Compared with control cells, FGFR1-overexpressing
cells exhibited increased cell invasion and responded to
CYY292 treatment (Fig. 4B, C). Furthermore, over-
expression of FGFR1 in CYY292-treated GBM cells restored
the morphology of U87MG cells (Fig. 4D).

Then, we generated FGFR1 knockdown cells using shRNA
to illustrate that FGFR1 is required for the effect of CYY292
(Fig. 4E). We found that CYY292 dose-dependently
decreased phosphorylated FGFR1, AKT, GSK3b, and Snail
levels in control and FGFR1-silenced U87MG cells (Fig. 4G).
We investigated whether CYY292 regulates cell invasion and
metastasis through the FGFR1/PI3K pathway. In control
U87MG cells, phosphorylated AKT, GSK3b, and Snail levels
were decreased by CYY292 and wortmannin (a PI3K inhibi-
tor), but wortmannin was unable to alter phosphorylated
FGFR1 levels. AKT/GSK3b-induced EMT was inhibited by
CYY292 and wortmannin (Fig. 4H, I). It was found that
CYY292 down-regulated the mRNA levels of Snail in control
and FGFR1-silenced U87MG cells (Fig. S4E). FGFR1 was
shown to be a negative regulator of EMT in GBM cells.
FGFR1-silenced cells also showed reduced invasion
compared with control cells and did not respond to CYY292
treatment (Fig. 4J). We also assessed the effect of FGFR1
knockdown on the proliferation ability of GBM cells in vitro.
The proliferation of control and FGFR1-silenced cells was
then measured in the presence of vehicles or various doses
of CYY292. The inhibitory effect of CYY292 on cell growth
was weaker in FGFR1 knockdown U87MG cells than in con-
trol cells (Fig. S4D). The data demonstrate that CYY292
inhibits AKT/GSK3b-induced EMT in response to FGFR1.

CYY292 suppresses the stemness function of GBM
cells

Frequent tumor recurrence and subpar outcomes are
known to result from the resistance of local GBM stem cells
(GSCs) to currently available therapies.33 In addition, con-
ventional treatments cannot eradicate CSCs, which exhibit
increased invasiveness, metastasis, drug resistance, and
immunological tolerance.10 Accordingly, we evaluated
whether CYY292 influenced the stemness of GBM cells. We
discovered that CYY292 markedly decreased the mRNA and
protein expression of Nanog and Sox 2 in U87MG and
LN229 cells (Fig. 5AeD). Besides, CYY292 also suppressed
colony formation (that is, stemness) of U87MG and
LN229 cells in a dose-dependent manner (Fig. 5EeH).
Cellular inflammation is prevented by the AKT signaling
pathway. This signaling pathway can impact many down-
stream effectors, including p38MAPK, JNK1/2, and nuclear
factor k-B (NF-kB). Since activation of NF-kB and p38
signaling is closely associated with the generation of in-
flammatory factors,34e36 we used western blotting to
analyze the phosphorylation of IkBɑ, p65, and p38 and
found that CYY292 markedly reduced NF-kB and p38 acti-
vation (Fig. 5I, K). Oncogenes can trigger gene expression
cascades, leading to the activation or overexpression of
pro-inflammatory transcription factors such as NF-kB,
STAT3, and AP-1 and the production of cytokines and che-
mokines.36 We observed that CYY292 significantly
decreased the mRNA expression of cytokines (IL1b, IL6, IL8,
and IL11) and chemokines (CCl2 and CCl5) (Fig. 5J, L).

CYY292 inhibits U87MG xenograft tumor growth in
vivo

Next, we investigated whether CYY292 has a similar effect
on GBM cell growth in U87MG xenografts. For animal ex-
periments, we did a preliminary experiment in advance,
and finally chose 15 mg/kg (CYY292) and 30 mg/kg
(AZD4547) for research. We discovered that CYY292 (15 mg/
kg) (once a day) inhibited tumor growth by 83.7% and that



Figure 3 CYY292 specifically targets the FGFR1 signaling pathway in GBM cells. (A) Immunoblot analysis of the indicated protein
expressions in U87MG and LN229 cells treated with vehicle or CYY292, PD173074 for 2 h. Lysates were probed for FGFR1, p-FGFR1,
AKT, p-AKT, ERK, p-ERK, and GAPDH served as controls. (B) Immunofluorescence staining of p-FGFR1 and GFAP in LN229 (right) and
U87MG (left) cells. Nuclei were counterstained with 40,6-diamidino-2-phenylindole (DAPI) (blue). (C, E) Western blot analysis of p-
FGFR1/FGFR1, p-AKT/AKT, and p-ERK/ERK in LN229 (C) and U87MG (E) cells exposed to CYY292 in a dose-dependent manner. FGF2
(100 ng/mL) was added 1 h before cell harvesting. GAPDH was used as a loading control. (D, F) Quantification of p-FGFR1/FGFR1, p-
AKT/AKT, and p-ERK/ERK levels in LN229 (C) and U87MG (E). (G) Immunofluorescent staining of p-FGFR1 expressions in cancer cell
lines that were treated with vehicle (Veh.) or FGF2 (100 ng/mL) for 2 h and then with vehicle or CYY292. (H) Western blot analysis
using U87MG and LN229 lysates confirmed that phosphorylation of FGFR1, FRS2a, AKT, GSK3b, Snail, and Slug was effectively
blocked by CYY292. Cells exposed to CYY292 at indicated concentrations for 24 h. b-Actin was used as a loading control. (I) CYY292
efficiently reduced Snail, Slug, Zeb1, and Twist levels in cells as indicated by representative qPCR analyses (n Z 3). (J) Immu-
nofluorescent staining of E-cadherin in the U87MG cells (n Z 3). The indicated cells were pretreated with 1 mM for 24 h. (K)

Immunofluorescent staining of vimentin in the U87MG and LN229 cells, respectively (n Z 3). The indicated cells were pretreated
with 1 mM for 24 h. (L) Western blot analysis of vimentin in U87MG and LN229 cells exposed to CYY292 at indicated concentrations
for 24 h. b-Actin was used as a loading control. Data are represented as mean � SD. *P < 0.05, **P < 0.01, one-way ANOVA test.
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AZD4547 (30 mg/kg) (once a day) inhibited tumor growth by
69.3%. Additionally, AZD4547 (30 mg/kg) caused nude mice
to lose weight (Fig. 6AeC) and the physical condition of the
nude mice deteriorated during the therapy. Furthermore,
we found that CYY292 could reduce the expression of
signaling pathway proteins mediated by FGFR1 (Fig. 6D, K).
Afterward, we observed that CYY292 substantially reduced
the percentage of proliferative (Ki67-positive) cells while
increasing the percentage of apoptotic (cleaved caspase 3-
positive) cells (Fig. 6E, F). It is well known that GSCs pro-
mote the recruitment of tumor-associated macrophages
(TAMs), which facilitate tumor progression. We discovered
that CYY292 decreased the intratumoral infiltration of
CD31þ endothelial cells and F4/80þ TAMs (Fig. 6G, H).
Vimentin expression in the tumors of CYY292-treated mice
consistently decreased, while E-cadherin expression in the



Figure 4 CYY292 blocks EMT by inactivating the Akt/GSK3b/Snail pathway. (A) FGFR1 stably (3 � FLAG-FGFR1) expressing cells
are sufficient to increase the phosphorylation of FGFR1, AKT, GSK3b, and Snail. U87MG were infected with a plasmid expressing
FGFR1 or a control. Cells were treated with dose-dependent CYY292 for 24 h. (B) Boyden chamber migration assays of U87MG cells
stably expressing vehicle or Flag-FGFR1. (C) Quantification of invaded cells shown in (B). n Z 3 independent experiments. (D)

Immunofluorescent staining of F-actin and cortactin in vehicle-treated, CYY292-treated, or Flag-CYY292-treated U87MG cells.
Nuclear, DAPI (blue). (E) U87MG cells were stably transfected with negative control shRNA or shRNA targeting FGFR1. (F) mRNA
expression of FGFR1 in FGFR1-knockdown U87MG normalized to control cells (n Z 3 independent experiments). (G) Comparison of
p-FGFR1/FGFR1, p-AKT/AKT, p-GSK3b/GSK3b, and Snail expressions in control and FGFR1-deleted U87MG cells treated with vehicle
or CYY292 for 24 h. b-Actin was used as a loading control. (H) Comparison of p-FGFR1, p-AKT, p-GSK3b, and Snail expressions in
control (left) and FGFR1-deleted (right) U87MG cells treated with vehicle or CYY292 for 24 h. Cells were pre-treated with either
wortmannin (0.1 mM) for 2 h. All representative blots and images as shown are from three independent experiments. (I) Quanti-
fication of p-FGFR1, p-AKT, and p-GSK3b levels in control (left) and FGFR1-deleted (right) U87MG cells. All data are presented as
means � SD (n Z 3 independent experiments). *P < 0.05. (J, K) Equal numbers of control and FGFR1-deleted U87MG cells pre-
treated with vehicle or CYY292 for 24 h were subjected to cell migration assays, and invaded cells were quantified (K). All data are
presented as means � SD (n Z 3 independent experiments). *P < 0.05, **P < 0.01,

#

P > 0.05. Differences are tested using one-way
analysis of variance (ANOVA) with Tukey’s post hoc test.
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tumors of CYY292-treated mice increased, indicating that
CYY292 suppresses FGFR1-induced EMT in vivo (Fig. 6I). At
later time points, we administered CYY292 (30 mg/kg) to
nude mice, and the inhibition of tumor growth increased to
87.9% (Fig. S5AeC). We examined ALT levels in the liver to
determine whether CYY292 is toxic to the liver; however,
there was no discernible difference in ALT levels between
the administration group and the control group (Fig. S5D).
Notably, CYY292 did not alter body weight or induce
detectable histological alterations in vital organs, such as



Figure 5 CYY292 suppresses the stemness of GBM cells. (A, C) Immunoblot analyses of Nanog and Sox 2 levels in U87MG and
LN229 cells treated with vehicle or CYY292 at 0.3, 0.5, and 1 mM for 24 h (n Z 3). (B, D) qPCR analysis of Nanog, Sox2, and Oct 4
levels in cells treated as described in (A, C) (n Z 3). (E, G) U87MG and LN229 cells were seeded in six-well plates and treated with
0.5 or 1 mM CYY292 or vehicle for colony formation assay. (F, H) Quantification of the U87MG cells and LN229 as shown in (E, G). (I,
K) Immunoblot analyses of pIkBa/IkBa, p-p65/p65, and p-p38/p38 levels in U87MG and LN229 cells treated with vehicle or CYY292
at 0.3, 0.5, and 1 mM for 24 h. b-Actin was used as a protein-loading protein. (J, L) qPCR analysis of the levels of chemokine
cytokines (IL1b, IL6, IL8, IL11) and chemokines (CCl2, CCl5) in cells treated as described in (A, C) (n Z 3). All data are presented as
means � SD (n Z 3 independent experiments). *P < 0.05, **P < 0.01,

#

P > 0.05. Differences are tested using one-way analysis of
variance (ANOVA) with Tukey’s post hoc test.
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the heart, liver, spleen, lung, and kidney, indicating that
CYY292 is not toxic to mice (Fig. S5E).

CYY292 suppresses FGFR1-mediated U87MG GBM
cell growth and orthotopic GBM models

One of the fundamental reasons why GBM is difficult to
treat is that compounds cannot easily cross the BBB. To
determine if CYY292 crosses the BBB, we employed HPLC.
We injected CYY292 (30 mg/kg) into BALB/c mice through
the abdominal cavity, collected tissues and organs, and
assessed the content and distribution of the compound in
the tissues and organs (Fig. 7A). The brain/plasma ratio of
CYY292 decreased with time. The content of CYY292 was
within acceptable limits, and the results did not indicate
that the compound accumulates in tissues (Fig. 7B, C).
Additionally, the anticancer effect of CYY292 was tested in
an orthotopic U87MG xenograft model. MRI on the 14th day
showed that the volume of tumors generated by cells
treated with compound CYY292 (once a day) was lower
than that of tumors generated by control cells (Fig. 7D).
KaplaneMeier survival analysis demonstrated that CYY292
increased the survival time following tumor cell implan-
tation (Fig. 7E). Histological data show that ki67 (Fig. 7F)
was reduced after CYY292 treatment, which indicated that
CYY292 inhibited tumor growth. Consistently, tumors of
CYY292-treated mice showed a decrease in phosphory-
lated FGFR1 expression (Fig. 7H). As expected, tumors of
CYY292-treated mice exhibited remarkably reduced
vimentin expression in tandem with increased E-cadherin
protein levels, as assessed by immunofluorescence ana-
lyses (Fig. 7J).

To further investigate whether the in vivo anticancer
effect of CYY292 is dependent on FGFR1, we implanted
vehicle-treated U87MG cells or FGFR1-silenced U87MG cells
subcutaneously into nude mice. The injected nude mice
received treatment for two consecutive weeks, and tumor
growth was monitored. It is worth noting that CYY292
inhibited the growth of tumors formed by control cells but
failed to affect the growth of tumors formed by FGFR1-
silenced cells to a large extent (Fig. 7L), indicating that
CYY292 inhibited tumor growth by specifically targeting the
FGFR1 protein. As expected, CYY292 decreased phosphor-
ylated FGFR1 levels in control cells but was unable to
decrease phosphorylated FGFR1 levels in FGFR1-silenced
cells (Fig. 7M, N). These in vivo results provide evidence
that CYY292 can penetrate the BBB and reduce FGFR1-
driven tumor growth.
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Discussion

FGFR1 is a receptor tyrosine kinase that plays an important
role in the occurrence and development of GBM, including
proliferation, survival, migration, and differentiation.
FGFR1 overexpression is linked to increased cancer cell
invasion and proliferation according to a preclinical inves-
tigation.37e39 In the current study, inhibition of FGFR1 was
found to be a crucial strategy for increasing the sensitivity
of GBM to radiation, as FGFR1 is an oncogene that is
expressed at a higher level in malignant tissues than in
normal tissues.18,40 In this work, immunohistochemistry
Figure 6 CYY292 inhibits U87MG xenograft tumor growth in vivo.
and mouse weights (C) were measured in athymic nude mice treate
(30 mg/kg) for two consecutive weeks (n Z 6 mice, each). The tu
analysis of p-FGFR1/FGFR1, p-AKT/AKT, p-GSK3b/GSK3b and Snai
mice (n Z 3 pools from six mice, each). GAPDH was used as a protei
cleaved-caspase 3, CD31 and F4/80 in xenograft tumors of vehicle
fication of Ki67-positive, cleaved-caspase3-positive, CD31-positive,
Immunofluorescence staining of E-cadherin, vimentin (I), p-FGFR
treated mice. (J, L) Quantification of staining in primary tumors a
ferences are tested using the ManneWhitney U test.
revealed that FGFR1 was expressed at a high level in GBM,
and we discovered that FGFR1 expression increased with
GBM grade and was negatively correlated with GBM patient
survival.

Given the significance of FGFR1 in GBM, we designed the
inhibitor CYY292, and the findings of in vitro kinase assays
revealed that CYY292 effectively suppressed FGFR1 kinase
activity (Fig. S1K). There are seven phosphorylation sites on
FGFR1 (Tyr463, Tyr583, Tyr585, Tyr653, Tyr654, Tyr730, and
Tyr766), of which Tyr653 and Tyr654 are crucial for trig-
gering the tyrosine kinase activity of FGFR1 and are
necessary for FGFR1-mediated biological responses.41 Our
(AeC) U87-MG xenograft tumor volumes (A), tumor weights (B),
d intraperitoneally with vehicle, CYY292 (15 mg/kg) or AZD4547
mors were harvested at 14 days of follow-up. (D) Immunoblot
l expressions in tumor lysates of vehicle- and CYY292-treated
n-loading protein. (E, G) Immunohistochemical staining of Ki67,
- and CYY292-treated mice (n Z 6 mice, each). (F, H) Quanti-
and F4/80-positive cells in tumors as described in (E, G). (I, K)
1, and GFAP (K) in xenograft tumors of vehicle- and CYY292-
s described in (I, K). *P < 0.05, **P < 0.01, ***P < 0.001. Dif-



Figure 7 CYY292 suppresses FGFR1-mediated U87MG GBM cell growth and orthotopic GBM models. (A) In the screening BBB
penetration assay, mice were dosed at 30 mg/kg and tissue (brain, heart, liver, spleen, kidney, and blood) content are measured
for 15 min. (B, C) In the screening BBB penetration assay, mice were dosed intravenously at 30 mg/kg and brain and plasma levels
are measured at four time points. The ratio of brain to plasma (B/P) was determined over time (C). (D) Coronal-T2-weighted MRI of
tumors generated by control- and CYY292-treated cells (n Z 6 mice, each). (E) The survival of mice with orthotopic tumors was
measured by KaplaneMeier survival curves. **P < 0.01. (F) Immunohistochemical staining of Ki67 orthotopic tumors of vehicle- and
CYY292-treated mice (n Z 3 mice, each). (H, J) Immunofluorescence staining of p-FGFR1 (H), E-cadherin, and vimentin (J) in
orthotopic tumors of vehicle- and CYY292-treated mice. (G, I, K) Quantification of staining in primary tumors as described in (F) and
(H, J). (L) Growth of U87MG xenograft tumors derived from 1 � 10

6

control cells or 2 � 106 FGFR1-silenced cells were monitored in
nude mice treated with vehicle or CYY292 for two consecutive weeks (nZ 6 mice, each). (*P < 0.05,

#

P > 0.05, two-sided Student’s
t-test). (M) Immunoblot analysis of p-FGFR1 and FGFR1 expressions in lysates of xenograft tumors as described in (L). (N) Quan-
tification of staining in primary tumors as described in (M). *P < 0.05, **P < 0.01, ***P < 0.001.

CYY292 limits GBM cancer development via targeting FGFR1 491



492 Y. Bi et al.
results indicate that CYY292 down-regulates the phos-
phorylation of Y653 of FGFR1, which mediates the phos-
phorylation of the two main downstream proteins, AKT and
ERK. The degree of tyrosine phosphorylation within the
receptor kinase domain is controlled by direct serine
phosphorylation of FGFR1, which influences downstream
signaling events and biological activities. The phosphory-
lation status of the Ser777 residue of FGFR1 influences re-
ceptor tyrosine phosphorylation (and activation) as well as
downstream signaling.22,42 CYY292 enhances the phos-
phorylation of Ser777 and regulates FGFR1 activity through
a negative feedback mechanism. To ensure the trans-
mission of precise signals, more research is required to
determine if other negative feedback mechanisms can also
regulate FGFR1 activity.

We, therefore, propose that targeting FGFR1 might be a
promising therapeutic approach for GBM. However, to our
knowledge, the failure of tyrosine kinase-based therapies in
treating GBM is related to the inability of tyrosine kinase
inhibitors to cross the BBB. In the current investigation, we
developed a novel small-molecule inhibitor, CYY292, which
reached the brain and exhibited a reduction in brain/blood
ratio over time (Fig. 7B, C). In an orthotopic mouse model,
CYY292 reduced the size of xenograft tumors and improved
the survival rate (Fig. 7D, E). CYY292 exhibits higher anti-
proliferative activity than AZD4547 and PD173074 in U87MG,
LN229, and U251 cells. The data above demonstrated that
CYY292 had a greater effect than AZD4547 at the same
dosage (Fig. 6A; Fig. S5A). The toxic and side effects of
CYY292 on mice were much lower than those of AZD4547.
Notably, we have demonstrated that, in tumor-bearing an-
imals, CYY292 effectively inhibits FGFR1-driven cancer
development and metastasis without eliciting obvious side
Figure 8 Schematic diagram of the effect of
toxicity (Fig. S2B, C). This can be attributed to the high
selectivity of the compound for targeting FGFR1 protein and
the spatial expression pattern of FGFR1 in malignant tissues
as opposed to normal tissues. Based on the kinase detection
results, we also acknowledged that the CYY292 may also
target KDR, C-KIT, FLT1, and IGF1R. As such, further studies
with alternative targets are warranted.

In this study, CYY292, a highly selective tyrosine kinase
inhibitor of FGFR1, suppressed the growth, migration, and
invasion of GBM cells. It is hypothesized that tumor growth
is facilitated by EMT-induced cellular alterations that cause
cancer cells to adopt a mesenchymal-like character. Many
studies have revealed the essential function of E-cadherin
deletion in EMT, and loss of E-cadherin expression has been
observed during tumor development in most epithelial and
epithelioid malignancies. Snail, also known as E-cadherin, is
a direct inhibitory factor. The conserved C-terminal zinc
finger structure of snail can bind to the E-box at the prox-
imal end of the E-cadherin promoter of the downstream
target gene to inhibit its transcription.8 We discovered that
CYY292 suppressed Snail expression while simultaneously
inducing E-cadherin expression (Fig. 3H, J). The induction
of invasion and EMT has been linked to the activation of the
PI3K/AKT pathway.30 The phosphorylation of GSK3b at Ser9
by AKT causes GSK3b activity to be reduced. GSK3b binds to
and phosphorylates the Snail transcription repressor,
causing Snail mRNA to translocate to the cytoplasm and be
degraded.32 Our results showed that CYY292 suppressed
Snail expression by controlling PI3K-AKT signaling and
modulating cell shape, motility, proliferation, and differ-
entiation. EMT is known to cause cancer cells to adopt stem
cell properties by increasing the expression of stem cell
markers, improving treatment chemoresistance, and
CYY292 on the FGFR1 signaling pathways.
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boosting tumor-initiating activity (i.e., stemness). FGFR1 is
the only member of the FGFR family that has been
demonstrated to be functionally related to tumor cell
sphere formation (a sign of stem cell viability). Higher
survival following FGFR1 deletion, as well as increased
tumorigenicity of FGFR1þ cells, highlight the important
effect of FGFR1 on GSCs.12 We propose that CYY292 inhibits
the stemness of GBM cells not only by directly targeting the
CSC transcription factors Nanog and Sox 2 but also by sup-
pressing NF-kB and p38 signaling. Here, we demonstrated
the anti-proliferative, anti-invasive, and metastatic effects
of FGFR1 inhibitors CYY292 in GBM cells and mouse models,
revealing a potential multifaceted role for FGFR1 in the
treatment of GBM.

The effect of CYY292, which targets FGFR1, on down-
stream signaling pathways may directly reduce GBM
growth, invasion, and metastasis and thus impair the
recruitment, activation, and function of immune cells in
vitro and in vivo (Fig. 8). We think more research is
necessary to fully understand the therapeutic potential of
CYY292 in the treatment of GBM cancer.
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