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Abstract Glioblastoma is carcinogenesis of glial cells in central nervous system and has the highest

incidence among primary brain tumors. Brain metastasis, such as breast cancer and lung cancer, also

leads to high mortality. The available medicines are limited due to bloodebrain barrier. Abnormal acti-

vation of phosphatidylinositol 3-kinases (PI3K) signaling pathway is prevalent in glioblastoma and met-

astatic tumors. Here, we characterized a 2-amino-4-methylquinazoline derivative XH30 as a potent PI3K

inhibitor with excellent anti-tumor activity against human glioblastoma. XH30 significantly repressed the

proliferation of various brain cancer cells and decreased the phosphorylation of key proteins of PI3K

signaling pathway, induced cell cycle arrest in G1 phase as well. Additionally, XH30 inhibited the migra-

tion of glioma cells and blocked the activation of PI3K pathway by interleukin-17A (IL-17A), which

increased the migration of U87MG. Oral administration of XH30 significantly suppressed the tumor

growth in both subcutaneous and orthotopic tumor models. XH30 also repressed tumor growth in brain

metastasis models of lung cancers. Moreover, XH30 reduced IL-17A and its receptor IL-17RA in vivo.

These results indicate that XH30 might be a potential therapeutic drug candidate for glioblastoma migra-

tion and brain metastasis.
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1. Introduction

Glioblastoma multiforme is growth of abnormal glial cells in brain
tissues, accounts for the majority of primary tumors in central
nervous systems and is approximately 80% of the malignant brain
tumor1,2. Glioblastoma is characterized by rapid growth and
extensive infiltration to neighboring brain tissues, which contrib-
utes to a high rate of mortality and recurrence3. Brain metastasis
are the most common type of intracranial tumor4e6. Primary
cancers including lung cancer, breast cancer, and melanoma are
most likely to metastasize to the brain. About 10%e26% of pa-
tients who die from cancers will develop brain metastases7,8.
Currently, temozolomide (TMZ) is the first-line chemotherapy
drug for glioma treatment in clinical and its therapeutic effect
depends on the MGMT methylation status9,10. Over the past
decade, little progress has been made in improving the prognosis
of patients with glioblastoma and brain metastasis11. Although
immune checkpoint inhibitors such as PD-1 antibodies have been
tested in glioblastoma, their efficacy is not satisfied12e15. Thus,
there is an urgent need to develop more effective small molecules
which can penetrate the bloodebrain barrier for the treatment of
glioblastoma.

The phosphatidylinositol 3-kinases (PI3Ks) are members of a
unique and conserved family of intracellular lipid kinases that
phosphorylate the 30-hydroxyl group of phosphatidylinositol and
phosphoinositides, which are grouped into three classes accord-
ing to their structural characteristics, regulator effects and sub-
strate specificity16. To date, the class 1 PI3Ks have been mostly
characterized and demonstrated to take part in cell survival,
metabolism, proliferation, and cytoskeletal organization17e19. As
reported, there are many signaling pathways dysregulated in
glioblastoma. Of those, the PI3K signaling pathway is the most
frequently aberrant-activated20,21. There are approximately 88%
of glioma with gene mutations which code the critical proteins in
PI3K signaling pathway, such as amplification of EGFR, gain of
function mutations including PI3KCA(p110a), PI3KCB(p110b)
and PIK3R1 (p85), or loss of PTEN22e24. Currently, in-
vestigations involving therapeutic targeting of the PI3K pathway
result in the development of several distinct classes of drugs and
more than 40 PI3K inhibitors enter the clinical trials. Among
them, idelalisib, copanlisib and duvelisib have been approved by
the FDA for clinically used in the treatment of patients with
lymphoma25,26, while alpelisib was indicated for breast can-
cers27. Indeed, there are several PI3K inhibitors that have been
reported to be brain penetrable and reached various stages of
clinical development for treating patients with glioblastoma,
including NVP-BEZ235, XL765, GDC-0084 and PQR 30928e30.
Development of small molecule inhibitors targeting the PI3K
signaling pathway for the treatment of glioblastoma is of the
broad perspective of application and essential clinical
significance.

In this article, we reported a 2-amino-4-methylquinazoline
derivative, XH30, as a potent PI3K inhibitor capable of pene-
trating the brain. XH30 showed potent anti-tumor activity in
various brain tumor cells, especially in glioblastoma. It not only
induced cell cycle arrest in G1 phase, but also inhibited glio-
blastoma migration. In both glioma xenograft and orthotopic mice
models, XH30 could strongly suppress PI3K signaling pathway
and inhibit tumor growth. In NCI-H460 brain orthotopic mice
model which mimicked the brain metastasis of lung cancers,
XH30 also repressed the tumor growth. Furthermore, we found
that interleukin-17A (IL-17A) activated PI3K signaling pathway
in both glioblastoma and lung cancer cell lines, while XH30
reversed this effect of IL-17A in vitro and repressed the IL-17A
driven tumor invasion. These data indicated that XH30 might be
a good choice for glioblastoma and brain metastasis of tumors.

2. Materials and methods

2.1. Reagents

XH30 was synthesized in-house as described previously27. PF-
04691502 was purchased from Selleck Chemicals. Human IL-
17A recombinant protein was from Peprotech.

2.2. Cell culture

The cell lines U87MG, U251, A172, Daoy, SH-SY-5Y, NCI-H460,
NCI-H1975, NCI-H69 and NCI-H446 were obtained from Cell
Resource Centre at the Institute of Medical Sciences, Peking
Union Medical College (Beijing, China). U373 was kept by our
laboratory. CTX and BV2 were from Prof. Dan Zhang (Peking
Union Medical College, Beijing, China). All cell lines were
cultured at 37 �C under 5% CO2. Daoy, SH-SY-5Y, NCI-H460,
NCI-H1975, NCI-H69 and NCI-H446 cells were in RPMI1640
medium. U87MG and U251 cells were in MEM medium with 1%
NEAA. A172, CTX and BV2 cells were in DMEM medium. All
the mediums were supplemented with 10% FBS, 100 units/mL
penicillin and 100 mg/mL streptomycin. All cell lines were tested
with mycoplasma detection kit (InvivoGen, Hong Kong, China).

2.3. Kinase assay

The compound was detected in Eurofins DiscoverX Corporation
(San Diego, CA, USA) by KINOMEscan™ Profiling Service. For
most assays, kinase-tagged T7 phage strains were grown in par-
allel in 24-well blocks in an Escherichia coli host derived from the
BL21 strain. E. coli were grown to log-phase and infected with T7
phage from a frozen stock (multiplicity of infection Z 0.4) and
incubated with shaking at 32 �C until lysis (90e150 min). The
lysates were centrifuged (6000�g) and filtered (0.2 mm) to remove
cell debris. The remaining kinases were produced in HEK-
293 cells and subsequently tagged with DNA for qPCR detection.
Streptavidin-coated magnetic beads were treated with biotinylated
small molecule ligands for 30 min at room temperature to generate
affinity resins for kinase assays. The liganded beads were blocked
with excess biotin and washed with blocking buffer [SeaBlock
(Pierce), 1% BSA, 0.05% Tween 20, 1 mmol/L DTT] to remove
unbound ligand and to reduce non-specific phage binding. Binding
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reactions were assembled by combining kinases, liganded affinity
beads, and test compounds in 1 � binding buffer (20% SeaBlock,
0.17 � PBS, 0.05% Tween 20, 6 mmol/L DTT). Test compounds
were prepared as 40 � stocks in 100% DMSO and directly
diluted into the assay. All reactions were performed in polypropylene
384-well plates in a final volume of 0.02 mL. The assay plates
were incubated at room temperature with shaking for 1 h and the
affinity beads werewashedwith wash buffer (1� PBS, 0.05%Tween
20). The beads were then re-suspended in elution buffer (1 � PBS,
0.05% Tween 20, 0.5 mmol/L non-biotinylated affinity ligand) and
incubated at room temperature with shaking for 30 min. The kinase
concentration in the eluates was measured by qPCR.

2.4. Cell viability assay

Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; SigmaeAldrich, St. Louis,
MO, USA) or CCK8 assay as previously described31. Briefly,
1200e3500 cells/well were plated, and compounds were added
after overnight adherence. After 72 h incubation at 37 �C under
5% CO2, 0.5 mg/mL MTT were added and kept on incubating for
4 h. Then the supernatants were gently removed, and 100 mL
DMSO was added to lyse the formazan, which was measured
using a microplate reader (BioTek, Winooski, VT, USA) at
570 nm wavelength for MTT assay. For CCK8 assay, CCK8 was
added and incubated for 3 h to detect at 450 nm. The value of half
maximal inhibitory concentration (IC50) was calculated by
GraphPad Prism 8.0.1 (La Jolla, CA, USA).

2.5. Immunoblotting analysis

Cells or mice tumor tissues were collected and then lysed in a
RIPA lysate buffer supplement with 1% protease inhibitor cocktail
(Solarbio, Beijing, China) and 1% phosphatase inhibitor cocktail.
Lysates were then centrifuged at 12,000�g for 20 min. Proteins
were quantitated by the BCA assay (Solarbio). Equal amounts of
proteins were resolved in an SDS-polyacrylamide gel and trans-
ferred to a polyvinylidene fluoride membrane (Millipore, Darm-
stadt, Germany). The membrane was washed twice with Tris-
buffered saline containing 0.1% Tween-20 (TBST), blocked
with TBST containing 5% non-fat milk for 30 min, and then
incubated with primary antibody (1:1000e1:2000 dilution, all
from Cell Signaling Technologies, Boston, MA, USA) in TBST at
4 �C overnight. After washing with TBST, the membrane was
incubated with goat anti-rabbit or anti-mouse IgGeHRP conju-
gates (1:1000 dilution, both from Cell Signaling Technologies) for
1 h at room temperature. Bands were detected by enhanced
chemiluminescence.

2.6. Cell cycle analysis

A flow cytometry assay was used to analyze the cell cycle dis-
tribution as previously reported32. Briefly, cells at logarithmic
growth phase were plated into 6-well plates and incubated over-
night. After treatment with the test substances for 24 h, the cells
were harvested and fixed in cold 70% ethanol overnight at
�20 �C, and then washed with PBS and stained with PI solution
(20 mg/mL PI and 20 mg/mL RNaseA in PBS) for 30 min. The
cell fluorescence was measured using BD FACS verse flow cy-
tometer (BD Biosciences, Franklin Lakes, NJ, USA) and the cell
cycle distribution was analyzed.
2.7. Transwell migration assay

Transwell migration assay was used to analyze the ability of
tumor cells to invade as previously reported33. Briefly, thaw
Matrigel at 4 �C and keep on the ice, then add 40 mL of diluted
Matrigel to the upper chamber of each well. Allow the wells to
sit without a cover until the Matrigel has completely dried onto
the porous membranes. Trypsinize the experimental cells and
collect the cells by centrifugation (200�g). Wash the cells one
time by resuspending the cell pellets at a final concentration of
5 � 105 cells/mL in DMEM containing 0.1% BSA. Add 200 mL
of the cell suspensions containing the analyte to the upper
chamber of each coated insert. Add 600 mL of DMEM containing
20% FBS to the bottom well of the chamber. Incubate the plates
containing the Transwells at 37 �C for 24 h. After 24 h, remove
the liquid from the upper chamber and fix with methanol for
10 min, then stain with 1% crystal violet, wash and wipe off the
cells that have not passed through the membrane, count and
photograph under a microscope of 200 times, each group of three
parallel holes.

2.8. Wound healing assay

The motility of the cells was evaluated by wound healing assay.
NCI-H460 (NSCLC) and NCI-H446 (SCLC) were plated in 6-well
plate at the density of 1.5 � 106 cells per well in DMEM and
RPMI 1640 medium contained 10% FBS separately. After the
cells reached confluence, a 10 mL pipette tip was used to generate
a wound space and the cells were rinsed twice with sterile PBS to
remove cell debris. Cells were incubated with or without 100 ng/
mL human IL-17A recombinant protein, combined with 10 log-
scaled concentration range of XH-30 from 5 � 10�7 to
5 � 10�9 mol/L, with medium contained 10% FBS. Consequently,
photographs (magnification 10�) of the wounds were captured
immediately after wound generation (0 h) and 24 h by inverted
microscope.

2.9. Animal study

All procedures were approved by the Ethics Committee for Ani-
mal Experiments of the Institute of Materia Medica, Chinese
Academy of Medical Sciences & Peking Union Medical College
and conducted under the Guidelines for Animal Experiments of
Peking Union Medical College (Beijing, China). The approval
number is 00005214.

For subcutaneous mouse models, female BALB/c athymic
nude mice (8e10 weeks old) were subcutaneously implanted with
1 � 107 U251 or U373 cells in 0.1 mL matrigel solution in the
right flank of nude nice. After two weeks, tumor issue was har-
vested sterilely, and tumor cells were extracted from tissue ho-
mogenate. Then, the mice were implanted with 5 � 106 tumor
cells each. Seven days later when the average tumor volumes
reached to 100e300 mm3, the mice were randomized and received
treatment (Day 0). Mice was orally administrated with vehicle or
XH30 at a dose of 2.5, 5 or 10 mg/kg dissolved in 0.5% CMC
once daily for 21 days. There were six mice in each group. Tumor
volume and body weight were monitored twice a week. Tumor
volume was calculated using Eq. (1):

V Z 1=2 � L � W 2 ð1Þ
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where L is the maximum length of tumor, W is the maximum width
of tumor. The mice were euthanized on Day 21 and the tumor issues
were collected for immunoblotting or immunohistochemistry.

For U251, U87MG and NCI-H460 mice orthotopic models,
eight to ten-week-old female BALB/c athymic nude mice (Vital
River Laboratories, Beijing, China) were housed in standard fa-
cilities. For the intracranial tumor experiments, mice were anes-
thetized and stereotaxically injected with 2� 105 U251, U87MG or
NCI-H460 cells in 5 mL PBS, 2 mm right and 1 mm anterior to the
bregma in the striatum at 3 mm depth with a 10 mL Hamilton sy-
ringe needle. After 3 days, mice bearing intracranial tumors were
randomized to orally receive the vehicle, TMZ or XH30 dissolved
in 0.5% CMC. Animal magnetic resonance imaging (MRI) scanner
(Pharma Scan 70/16 US, Bruker, Germany) was used to observe the
intracranial tumor development. The parameters for MRI were as
follows: a T2_TurboRARE, with TR/TE Z 5000/40, 6 averages,
Figure 1 XH30 inhibited cell proliferation in various brain tumor cell l

XH30. (C) Relative sensitivity of brain tumor cells to XH30. Cell inhibitio

compounds. The IC50 values are presented as mean � SD, n Z 3. (D) The

cells. The cells were then lysed and examined on crucial proteins of PI3K
20 � 20 field-of-view, and 0.5 mm slice thickness. The tumor
volume based on MRI was calculated as Eq. (2):

V Z L � W � T ð2Þ
where L is the maximum length of tumor, W is the maximum width
perpendicular to L and T is the thickness of the tumor slice (0.5 mm).

2.10. Immunohistochemistry

Five-micrometer sections of formalin-fixed paraffin-embedded sam-
ples were de-paraffinized and rehydrated, antigen retrieval was per-
formed by microwave heating in citrate buffer (pH 6.0) for 30 min,
and endogenous peroxidase activity was blocked with 3% H2O2.
Then, sections were incubated at room temperature with goat serum
for 2 h and then at 4 �C with the indicated antibodies for overnight.
Sections were further processed with HRP-conjugated second
ines. (A) Chemical structure of XH30. (B) Kinase interaction maps of

n was assessed by MTT assay after 72 h incubation with the indicated

expression pattern of PI3K signaling pathway in various brain tumor

pathway signaling by immunoblotting.



Figure 2 XH30 suppressed PI3K signaling pathway in glioblastoma cells. (A) XH30 dose-dependently inhibits PI3K pathway signaling in

U87MG cells. The cells were incubated with XH30 at indicated concentrations (0.8, 4, 20, and 100 nmol/L) or PF-04691502 (100 nmol/L) for 3 h.

(B) XH30 dose-dependently inhibits PI3K pathway signaling in U251 cells. The cells were incubated with XH30 at indicated concentrations (0.8,

4, 20, and 100 nmol/L) or PF-04691502 (100 nmol/L) for 3 h. (C) XH30 time-dependently inhibits PI3K pathway signaling in U87MG cells. The

cells were incubated with XH30 (20 nmol/L) at indicated time points. (D) XH30 time-dependently inhibits PI3K pathway signaling in U251 cells.

The cells were incubated with XH30 (20 nmol/L) at indicated time points. All cells were then lysed and effects of compounds on PI3K pathway

signaling assessed by immunoblotting.
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antibody and developed with 3,3-diaminobenzidine. Finally, visuali-
zation was performedwithDAB reagent kit and hematoxylin. Images
were obtained from an Olympus IX70 microscope (Tokyo, Japan).

2.11. Statistical analysis

Most statistical analyses were performed utilizing GraphPad
Prism 8.0.1 (La Jolla, CA, USA) and the significance levels were
evaluated using ANOVA analysis. Three asterisks (***), two as-
terisks (**), one asterisk (*) and no asterisk indicated in figures
and tables represent P < 0.001, 0.001 < P < 0.01, 0.01 < P<0.05
and P>0.05, respectively.

3. Results

3.1. XH30 showed strong anti-proliferation activities in various
brain cancer cell lines

XH30 is designed as a selective PI3K inhibitor, with a molecular
weight of 557.6 (Fig. 1A). Kinase binding assay revealed XH30
specific targeted class 1 PI3Ks (Fig. 1B and Supporting Information
Fig. S1A). In our previous study, XH30 has exhibited potent anti-
tumor activities in various cancers34. It could inhibit U87MG
growth in vitro and in vivo with bloodebrain barrier penetrant ca-
pacity. This observation drove us to explore if XH30 has compre-
hensive anti-tumor activities in various brain cancers. Here, the
growth inhibition effects of XH30 on six brain tumor cells were
detected by MTT assay (Fig. 1C and Fig. S1B). The results show
that the inhibitory activity of XH30 on brain tumors was compa-
rable to that of PF04691502, a potent PI3K inhibitor as positive
control. Among them, the inhibitory activities of XH30 in glio-
blastoma cell lines U87MG, U373, U251 and medulloblastoma cell
line Daoy were much more potent than in glioblastoma cell line
A172 and neuroblastoma cell line SH-SY-5Y cells. This may
attribute to aberrant activated PI3K pathway in these cells with high
level of phosphorylated AKT, PTEN deficiency or PI3K gene
mutation, compared to A172 and SH-SY-5Y (Fig. 1D). U87MG cell
is a PTEN-null cell, and PIK3CB was mutated in Daoy cells.
Meanwhile, the effects of XH30 and PF04691502 on the growth of
rat normal astrocyte CTX and mouse microglia BV2 were also
examined. It was found that the IC50 values of XH30 on normal



Figure 3 XH30 induced G1 cell-cycle arrest in glioblastoma cells. (A) XH30 induced U87MG cell cycle arrest in G1 phase. Exposure to

various concentrations of XH30 at indicated concentrations (4, 20, 100 and 500 nmol/L) or PF-04691502 (500 nmol/L) for 24 h. The cells were

stained with PI for flow cytometry analysis, n Z 3. (B) XH30 induced U251 cell cycle arrest in G1 phase. Exposure to various concentrations of

XH30 at indicated concentrations (4, 20, 100 and 500 nmol/L) or PF-04691502 (500 nmol/L) for 24 h. The cells were stained with PI for flow

cytometry analysis, n Z 3. (C) XH30 downregulated the markers of G1 cell-cycle. The protein levels of cyclin D1 and CDK2 were detected via

immunoblotting in both U87MG and U251 cells exposure to XH30 for 24 h.
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cells were significantly higher than that of PF04691502, indicating
that XH30 may have low toxicity in brain.

3.2. XH30 dose- and time-dependently blocked PI3K signaling
pathway in glioblastoma cells

As XH30 exhibited robust anti-tumor activity in central nervous
glioblastoma cells, we further investigated its effect on PI3K
signaling pathway. U87MG and U251 were exposed to XH30
with various concentrations or PF-04691502 at the dose of
100 nmol/L for 12 h. As shown in Fig. 2A, XH30 dose-
dependently inhibited phosphorylation of AKT in U87MG cells.
The phosphorylation level of AKT was almost completely
inhibited by XH30 at 100 nmol/L, and the phosphorylation in-
hibition of AKT downstream effector molecules GSK3b and
PRAS40 was consistent with the effect on AKT. In addition,
XH30 also showed significant inhibition of the substrate p70S6K
of mTORC1 and the substrate S6RP of p70S6K. Consistently,
100 nmol/L of XH30 strongly inhibited the phosphorylation of
signaling pathway proteins in U251 cells (Fig. 2B). The inhibitory



Figure 4 XH30 inhibits glioblastoma migration. (A) The IC50 value of XH30 in U87MG cells at 24 h. Data are presented as mean � SD,

nZ 3. (B) Transwell migration assay in U87MG. The cells were exposed to various concentrations of XH30 (5, 50 and 500 nmol/L) for 24 h. 1%

crystal violet staining, scale bar: 250 mm. (C) The count of migrated cells. Data are presented as mean � SD, nZ 3. ANOVA analysis, *P < 0.05,

**P < 0.01, compared to control. (D) XH30 downregulated MMP2 expression. U87MG cells were exposed to XH30 for 24 h, then harvested for

immunoblotting. (E) IL-17A increased the migration of U87MG cells. The cells were exposed to indicated concentrations of IL-17A for 24 h. 1%

crystal violet staining, scale bar: 250 mm. (F) XH30 blocked the activation of PI3K/AKT pathway by IL-17. U87MG cells were incubated with

XH30 at indicated concentrations (5, 50 and 500 nmol/L) in the presence or absence of 100 ng/mL hIL-17A for 24 h.
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activity was much more potent than the positive control PF-
04691502 at the same concentration. Furthermore, U87MG and
U251 cells were treated with XH30 at the concentration of
20 nmol/L for different timepoints. XH30 rapidly inhibited
phosphorylated levels of AKT at 1 h and this inhibitory effect
maintained to 24 h (Fig. 2C). At the same time, the phosphory-
lation levels of GSK3b, pRAS40 and p70S6K also decreased. The
expression of phosphorylation of S6RP began to reduce at 6 h.
U251 cells exposure to XH30 exhibited inhibition of phosphor-
ylation of AKT and its downstream proteins as well. The phos-
phorylation levels of pRAS40, p70S6K and S6RP downregulated
from 6 h (Fig. 2D).

3.3. XH30-mediated glioblastoma cell growth inhibition is
associated with G1 cell-cycle arrest

PI3K signaling pathway plays a key role in cell cycle progression.
As shown in Fig. 3A, after incubating with XH30 at the concen-
tration of 4, 20, 100 and 500 nmol/L for 24 h, U87MG cells were
arrested at G1 phase from 46.88% up to 93.19%. Similar results
were observed in U251 cells (Fig. 3B), the percentage of U251 cells
in the G1 phase is 45.91% up to 91.74%. Immunoblotting was used
to detect the effector proteins cyclin D1 and CDK2, both of which
are key proteins in the G1 phase. The expression of cyclin D1 and
CDK2 decreased in a dose-dependent manner after 24 h of U87MG
and U251 cells (Fig. 3C). At the same dose, the inhibition of XH30
was comparable to that of PF-04691502. This indicates that XH30
inhibits the expression of cyclin D1 and CDK2 proteins, resulting in
G1 arrest in glioma cells.

3.4. XH30 inhibits the migration of glioblastoma

PI3K signaling pathway is also involved in tumor migration and
invasion. To investigate the effect of XH30 on glioma cell inva-
sion, we employed transwell migration assay in U87MG cell. We
firstly tested the survival of cells exposed to XH30 for 24 h.
Fig. 4A shows that The IC50 value of XH30 was 17.04 mmol/L,
and the inhibition rate is less than 20% at the concentration of
500 nmol/L. Thus, the maximum concentration of 500 nmol/L
was selected for migration assay. After 24 h of treatment, the



Figure 5 XH30 repressed glioblastoma growth in subcutaneous xenograft models. (A) The tumor growth curve in U251 xenograft mice model.

Data are presented as mean � SD, n Z 6. ANOVA analysis, ***P < 0.001, compared to vehicle group. (B) The tumor weight in U251 xenograft

mice model. ANOVA analysis, **P < 0.01, ***P < 0.001, compared to vehicle group. Data are presented as mean � SD, nZ 6. (C) Histological

analysis of tumor issues in U251 xenograft model. Ki67 and p-AKT (473) staining. Scale bar: 50 mm. (D) The tumor growth curve in U373

xenograft mice model. Data are presented as mean � SD, n Z 6. ANOVA analysis, ***P < 0.001, compared to vehicle group. (E) The tumor

weight in U373 xenograft mice model. Data are presented as mean � SD, nZ 6. ANOVA analysis, ***P < 0.001, compared to vehicle group. (F)

XH30 inhibited PI3K signaling pathway in tumor tissue from U373 xenograft mice model.
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number of cells passing through the transwell chamber dose-
dependently decreased in XH30 groups (Fig. 4B and C). As
shown in Fig. 4D, XH30 significantly reduced the expression of
MMP2 protein at the concentration of 5, 50, and 500 nmol/L, but
not changed the expression of epithelialemesenchymal transition
(EMT) markers and other MMPs (Supporting Information Fig.
S2A and S2D).

It was reported that IL-17A promoted tumor migration and
invasion in glioblastoma via activation of PI3K/AKT signaling
pathway35. Here, we found that IL-17A did not enhance the



Figure 6 XH30 repressed glioblastoma growth in glioblastoma orthotopic models. (A) Life survival curve of XH30 in U251 orthotopic model.

The mice were orally administered by vehicle or XH30 for ten days, and then monitored. n Z 6, ANOVA analysis, **P < 0.01, compared to

vehicle group. (B) Representative MRI images from U251 orthotopic model on Day 11. Red arrow indicated tumor. (C) The tumor volumes in

U251 orthotopic model on Day 11. n Z 6, ANOVA analysis, ***P < 0.001, compared to vehicle group. (D) Histological analysis of tumor issues

in mouse brain of U251 orthotopic model on Day 11. Ki-67, p-AKT (S473), p-S6RP (S240/S244), IL-17A and IL-17RA staining, scale bar:

50 mm. HE staining, scale bar: 250 mm.
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proliferation of U87MG cells (Fig. S2B), but indeed forced the
migration of U87MG cells (Fig. 4E). This was not related to in-
crease the expression of EMT markers or MMPs excluding MMP2
(Fig. S2C and S2D). IL-17A activated the PI3K/AKT pathway,
especially elevated the phosphorylation level of AKT at T308, and
upregulated the expression of MMP2, while XH30 blocked the
activation of PI3K/AKT by IL-17A and downregulated MMP2 in
U87MG cells (Fig. 4F). Taken together, these data indicate that
XH30 could inhibit the migration of glioma.

3.5. XH30 inhibited tumor growth in both subcutaneous and
orthotopic xenograft mice models

To confirm the effect of XH30 against glioblastoma in vivo, we
investigated the anti-tumor activities of XH30 in mice xenograft
models. As shown in Fig. 5A, XH30 significantly repressed sub-
cutaneous tumor growth of U251 in a dose-dependent manner
with P-value less than 0.001. The tumor growth inhibition of
tumor weight for XH30 were 43.1% (2.5 mg/kg), 73.3% (5 mg/kg)
and 86.9% (10 mg/kg), compared to vehicle group (Fig. 5B,
Supporting Information Fig. S3A and S3B). Histological data
(Fig. 5C) show that ki67 was reduced after XH30 treatment, which
indicated that XH30 inhibited tumor growth. The phosphorylation
level of AKT at S473 was undoubtedly decreased after XH30
treatment compared to vehicle group. In another mice model of
U373 xenograft model, XH30 also suppressed the tumor growth in
dose-dependent manner (Fig. 5D and E, Supporting Information
Fig. S4A and S4B). The immunoblotting results show that the
crucial proteins of PI3K signaling pathway were downregulated in
those tumor tissues exposed to XH30 (Fig. 5F).

To further assess the anti-tumor activity of XH30 in glioblas-
toma in vivo, U251 orthotopic xenograft model was employed.
During the experiment, mice were given ascending doses of
XH30. The life survival was monitored, and intracranial tumors
were observed by MRI on Day 11. As shown in Fig. 6A, XH30
significantly extended the survival curve of mice with P-value less
than 0.01, compared to vehicle group. Consistently, the tumor
volumes in both 5 and 10 mg/kg groups of XH30 were much
smaller compared to vehicle group (Fig. 6B and C and Supporting
Information Fig. S5A). Two moribund mice in vehicle group and
one moribund mouse in XH30 group at the dose of 5 mg/kg were
deposited for immunobiological analysis. Histological results
indicate a remarkable decline of phosphorylated levels of AKT at
S473, S6RP at S240/244 and ki67 expression in XH30 groups
compared to vehicle group. Interestingly, the expression of IL-17A
and IL-17RA was also decreased in XH30 group. HE results also
indicate that XH30 effectively inhibited glioblastoma invasion.
Additionally, XH30 was repeated in U87MG orthotopic xenograft
model (Supporting Information Fig. S6A and S6B). The tumor
samples were also collected for histological test. Histological re-
sults indicate a remarkable decline of phosphorylated levels of
AKT at 473 site and ki67 expression in XH30 groups compared to
vehicle group (Fig. S6C). HE results show the similar results as
the one in U251 model. These results display the outstanding
capability of XH30 against glioblastoma.

3.6. XH30 repressed tumor growth in brain metastasis of lung
cancer

As XH30 inhibited glioblastoma growth in vitro and in vivo, we
explored if XH30 also exhibited good anti-tumor activities against
metastatic tumor. Lung cancers were of high brain metastatic
ratio, especially small cell lung cancer. Literature has revealed that
IL-17A was involved in brain metastasis of lung cancer36. Thus,
we investigated if XH30 could reversed the roles of IL-17A on
lung cancer cells. We firstly assessed the inhibitory effect of XH30
in both SCLC and NSCLC cell lines. As shown in Fig. 7A, XH30
could inhibit cell proliferation of NCI-H460, NCI-H1975, NCI-
H441 and NCI-H69. These cells were then tested exposed to
XH30 in the presence of IL-17A. As shown in Fig. 7B and C, IL-
17A activated the PI3K/AKT signaling pathway in these cells,
while the elevated phosphorylation levels of AKT and S6RP by



Figure 7 XH30 repressed tumor growth in brain metastasis of lung cancer. (A) The IC50 values of XH30 in various lung cancer cell lines for

72 h. Data are presented as mean � SD, n Z 3. (B) and (C) XH30 dose-dependently inhibits IL-17A activated PI3K pathway signaling in various

lung cancer cell lines. The cells were incubated with XH30 at indicated concentrations (5, 50 and 500 nmol/L) in the presence of 100 ng/mL hIL-

17A for 24 h. (D) Wound healing assay of NCI-H460 and NCI-H446 cells by XH30 in the presence of IL-17A. Wound space was captured at 0 and

24 h post scratching by inverted microscope (scale bar: 250 mm). Representative images are shown. (E) Representative MRI images from NCI-

H460 brain orthotopic model. Red arrow indicated tumor. (F) The tumor volumes in NCI-H460 brain orthotopic model. Data are presented as

mean � SD. ANOVA analysis, **P < 0.01, compared to vehicle group. (G) Histological analysis of tumor issues in mouse brain of NCI-H460

orthotopic model. Ki-67, p-AKT (S473), p-S6RP (S240/S244), IL-17A and IL-17RA staining, scale bar: 50 mm. HE staining, scale bar: 250 mm.
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IL-17Awere reduced exposed to XH30. XH30 also downregulated
IL-17RA. Moreover, IL-17A enhanced the invasion of NCI-H460
and NCI-H441. XH30 blocked the invasion induced by IL-17A in
a dose dependent manner (Fig. 7D).

According to the results in vitro, we employed lung cancer xeno-
graft model which NCI-H460 cells were implanted in mice brain to
mimic brain metastasis. After administration of XH30 for 8 days, the
tumors were viewed by MRI. XH30 indeed significantly repressed
NCI-H460 tumor growth in brain compared to vehicle group (Fig. 7E
and F and Supporting Information Fig. S7A). This effect ismuch better
than TMZ. The histological data show that the phosphorylation levels
of AKT and S6RP and the expression of ki67 in XH30 groups were
decreased compared to vehicle group (Fig. 7G). Additionally, the ex-
pressions of IL-17A and IL-17RAwere also reduced in XH30 group at
the dose of 5 mg/kg. Taken together, these data indicate that as a brain
penetrating PI3K inhibitor,XH30 also repressed the brainmetastasis of
lung cancers.
4. Discussion

PI3Ks are a family of lipid kinases that integrate signals from
growth factors, cytokines and other environmental cues, trans-
lating them into intracellular signals that regulate multiple
signaling pathways37. Activating alterations in PI3K are found
frequently in a variety of cancers, making this class of enzymes a
prime drug target for anti-cancer therapy38,39. In 2014, the first-in-
class PI3K inhibitor idelalisib was approved by the US FDA for
the treatment of patients with follicular lymphoma and small
lymphocytic lymphoma40, which has brought hope to the effective
cancer treatment by inhibiting the PI3K signaling pathway. More
recently, alepelisib was approved for breast cancer, extending
the indications for PI3K inhibitors to solid tumors27. While more
than 40 structurally distinct PI3K inhibitors have entered clinical
trials, only a few of them are reported to be brain penetrant and
can be appropriately tested for brain cancers24,25,30,41e43. The
braineblood barrier limits over 90% small molecules to access the
brain and discovery of PI3K inhibitors capable of penetrating the
brain requires the rational design44.

Previous study has showed that XH30 potently inhibited class
I PI3K isoforms34. Pharmacokinetics data showed XH30 was
able to cross the bloodebrain barrier with the brain concentra-
tion significantly higher than the kinase and cellular IC50 values.
Here, we studied the growth inhibition of XH30 against different
kinds of brain tumor and lung cancer cell lines together with
normal glial cells by MTT or CCK8 assays. The results showed
that XH30 showed strong growth inhibitory activity against
glioblastoma cells U87MG, U373, U251, and medulloblastoma
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cell Daoy, compared to glioblastoma cell A172 and neuroblasts
SH-SY-5Y. We detected the expression of key proteins in the
PI3K pathway in the above brain cancer cell lines. It was found
that the AKT phosphorylation levels were low in both A172 and
SH-SY-5Y cells compared to U251 and U373, suggesting that
anti-tumor activity of XH30 attributed to high levels of activated
AKT. Besides, mutation or loss of genes referred to PI3K
function could overactivate this pathway. That is why XH30
showed strong activities in U87MG and Daoy cells compared to
A172 and SH-SY-5Y cells. The activity was also observed in
lung cancer cells NCI-H460, NCI-H1975, NCI-H446 and NCI-
H69. In addition, the IC50 of XH30 is 10�6 mol/L on normal
glial cells BV2 and CTX, while the IC50 of PF04691502 is
10�7 mol/L on astrocytes CTX, which suggested the less toxic,
higher safety profile of XH30 on normal cells.

PI3K pathway is closely related to cell cycle progression45. We
performed PI flow cytometry experiments in U87MG and
U251 cells. The results show that XH30 induced G1 arrest in a
dose-dependent manner. And decreased the expression of the G1-
related proteins cyclin D1 and CDK2, downstream of the PI3K
pathway. It showed that XH30 can achieve anti-tumor effect
through cycle arrest. Additionally, brain tumors generally do not
metastasize, but glioblastoma has a strong invasive effect on
surrounding tissues46. It has been reported in the literature that the
PI3K pathway is involved in the regulation of cell invasion and
migration46e48. We found that XH30 indeed inhibited U87MG
migration in vitro and downregulated MMP2 expression, but had
no effect on EMT. The PI3K pathway-related proteins in U87MG
and U251 were significantly reduced exposed to XH30. And
XH30 also dampened IL-17A-promoted NCI-H460 and NCI-
H446 invasion in vitro. This trigger us to further test the anti-
tumor activities of XH30 against glioblastoma and brain metas-
tasis of lung cancer in vivo.

In vivo, both subcutaneous and orthotopic glioblastoma models
were performed to assess the anti-tumor activity of XH30. We firstly
evaluate the anti-tumor activity in U251 and U373 xenograft
models. As expected, XH30 dose-dependently suppressed tumor
growth in both models. Both histological and immunoblotting re-
sults show the PI3K signaling pathway was significantly inhibited
by XH30. All these data support the anti-tumor activity of XH30
in vivo. However, due to braineblood barrier, these subcutaneous
models can not reflect the actual effect of XH30 against glioblas-
toma. Thus, we employed U251 and repeated U87MG orthotopic
glioblastoma models to confirm this observation and access the
effect of XH30 in PI3K signaling pathway. Consistently with sub-
cutaneous models, XH30 significantly inhibited tumor growth in a
dose-dependent manner in both U251 and U87MG orthotopic model
and the immunohistochemistry results show that XH30 could
significantly decrease the ki67 positive expression and blocked PI3K
signaling pathway in tumor tissues. The body weight changes in
XH30 groups were acceptable in all these three models (Figs. S3B,
S4C, S5B and S6D). However, the counts of peripheral total white
blood cells, lymphocytes and neutrophils were decreased in XH30
group at the dose of 5 mg/kg (Fig. S6E). This may attribute to the
inhibition of PI3K delta and gamma isoforms by XH30. Addition-
ally, PI3K alpha isoform related blood glucose in mice was elevated
at the dose of 10 mg/kg XH30 (Figs. S3D and S4D). Overall, the
mice were well tolerated in exposure to XH30.

IL-17A plays important roles in various inflammatory dis-
eases and cancers including several extracranial and some
intracranial tumors36,49,50. The IL-17A expression levels were
positively correlated with the WHO pathological classification
of GBM and associated with the progression and brain metas-
tasis of lung carcinoma35. IL-17A has been shown to promote
glioblastoma development by enhancing glioma cell migration
and invasion via activation of PI3K/AKT signaling pathway51.
Here, we found that IL-17A also activated PI3K pathway in both
SCLC and NSCLC cells. Blockage of PI3K pathway by XH30
reversed IL-17 driven PI3K activation. In vivo, XH30 could
repressed orthotropic lung cancer growth in brain (Fig. S7) and
downregulated IL-17A and its receptor IL-17RA expression.
This indicates that XH30 might be a choice for brain metastasis
by reducing IL-17A. However, this model had some limitations.
Xenograft models could not exhibit the pathological progression
of brain metastasis and evaluated the complete roles of IL-17A
in brain metastasis as the mice was athymic nude. Intriguingly,
without Th17 cells contribution, IL-17A was still detected in
cancer tissues in brain. This trigger us to explore the other IL-
17A producing cells and find potential mechanism how XH30
reduces IL-17A expression in future.

5. Conclusions

A potent PI3K inhibitor XH30 has been characterized to exhibit
robust antitumor activities and is expected to be developed into a
therapeutic brain tumor drug.
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