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Abstract

Glioblastoma (GBM) is highly invasive and lethal. The failure to cure GBM highlights the necessity of developing
more effective targeted therapeutic strategies. KIF15 is a motor protein to be involved in cell mitosis
promotion, cell structure assembly and cell signal transduction. The precise biological function and the
potential upstream regulatory mechanisms of KIF15 in GBM remain elusive. Here, we demonstrated that KIF15
was abnormally up-regulated in GBM and predicted poor prognosis of GBM patients. KIFI5 promotes GBM cell
proliferation, metastasis and cell cycle progression. REST could bind to KIFI5 promoter and transactivate
KIF15. Furthermore, REST interacts with P300 and depends on its histone acetyltransferase (HAT) activity to
co-regulate KIF15 expression. Both REST and P300 were highly expressed in GBM and predicted poor
prognosis of GBM patients alone or in combination with KIF15. The tumorigenic function of KIF15 in GBM was
regulated by REST in vitro and in vivo and the combinational treatment of cell cycle inhibitor Palbociclib with
P300 HAT inhibitor inhibited GBM xenografts survival more significantly. Our findings indicate that KIFI5
promotes GBM progression under the synergistic transactivation of REST and P300. P300/REST/KIF15 signaling
axis is expected to be served as a cascade of candidate therapeutic targets in anti-GBM.
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Introduction

As the most commonly and highly malignant
brain tumor according to WHO classification criteria
[1], glioblastoma accounts for 12-15% of all
intracranial tumors and even constitutes 50%-60% of
Astrocytoma [2]. Once diagnosed as GBM, an
estimated median survival time of patients is
approximately only 1 year. The main strategies for
GBM treatments are surgery, radiotherapy and
chemotherapy. Highly proliferative and invasive
property [3], tumor heterogeneity and high
angiogenesis ability of GBM [4, 5] coupled with the
drug's lower blood-brain barrier transmissibility
make GBM the most aggressive tumor with a poor

prognosis. Thus, identifying and validating the key
regulators involved in GBM progression and
exploring and developing more efficient targeted
therapeutic strategy accordingly is urgently needed.
KIF15 is one member of Kinesin-12 family
proteins and is essential for the normal physiological
processes. KIF15 has been reported to interact with
C-terminal domain of TPX2 to control
microtubule-based movement [6]. It has also been
referred to maintain neuronal development [7].
During prometaphase, KIF15 is needed to separate
spindle and to maintain spindle bipolarity at
metaphase by interacting with KBP [8]. But in the
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pathology condition, especially in carcinogenesis and
development, KIF15 dysregulation has been reported
to act as tumorigenic factor by promoting cancer cell
proliferation and migration, including pancreatic
cancer [9], prostate cancer [10], colorectal cancer [11]
and nasopharyngeal carcinoma [12]. Furthermore,
KIF15 knockdown induces G1/S phase cell cycle
arrest and its expression is positively associated with
poor prognosis in patients with lung adenocarcinoma
[13]. However, its precise function and the underlying
molecular mechanisms in GBM evolution remain
unclear. Considering the essential tumor-promoting
role of KIF15 in different cancer types mentioned
above, the exploration and revealing of the functions
and the potential regulatory mechanisms of KIF15 in
glioblastoma progression seem to be a necessity.

During neurodevelopment, some transcription
factors have been reported to restrict the expressions
of neuronal genes in non-neuronal cells to ensure
neuron development. Repressor element-1 silencing
transcription factor (REST), also known as
neuron-restrictive silencer factor (NRSF), is one of
such factors. REST regulates various target genes
involved in neuronal differentiation [14], axonal
growth [15], and vesicular transport and release [16].
Altered REST expression is not only found in mental
disorder, neurobehavioral disorders [17-19] and
ischemic stroke [20], but also found to be highly
correlated with brain tumors. Especially in nervous
system cancer, REST often plays tumor-promoting
roles. In neuroblastoma cells, REST is found to be
reduced during cell differentiation [21]. In
medulloblastoma, REST drives cancer progression via
epigenetic modification and AKT activation [22].
Additionally, the elevated REST promotes migration
and vascular growth of medulloblastoma cells [23,
24]. Mechanistically, the transcriptional regulation of
REST requires the assembly of multimeric complex.
For example, in non-neuronal cells, REST is shown to
repress neuronal gene expression by recruiting the
SIN3/HDAC complex [25] or recruiting G9a and
interacting with Mediator via MED19/MED26 and
MED12 subunits [26]. Although REST has been
identified to drive tumor growth in GBM via its
transcription activity [27], its precise downstream
regulatory targets and more detailed transcriptional
regulatory mechanisms remain elusive and deserve to
be better focused on and explored.

Chromatin modifications play a crucial role in
the regulation of gene expression. As a histone
acetyltransferase, P300 can acetylate histones, a
common but key epigenetic event, to reduce
chromatin condensation and subsequently participate
in the transcription process [28]. Besides, P300 can
also regulate transcription by acting as a coactivator of

transcription to cooperate with other transcription
factors dependent on or independent of its
acetyltransferase activity [29, 30]. Here, in this study,
based on ChIP-seq database, we found the binding
peak of P300 at the specific promoter region of KIF15
gene in GBM cells, which was also proved to be
bound by REST. We therefore further explored and
clarified the possible synergistic regulation of REST
and P300 on KIF15 transcription in GBM cells and the
dependence of such synergy on the histone
acetyltransferase activity of P300. The clinical
significance of P300/REST/KIF15 signaling axis in
GBM, their sequential promotion on cell cycle
progression and cell survival, and their partial or total
inactivation in anti-GBM alone or in combination with
cell cycle inhibitor, were also explored and revealed.

Methods and materials

Cell culture and reagents

All cells were purchased from the American
Type Culture Collection. The glioblastoma cell lines,
U87MG, U118MG, SHG44, A172 and LN229 were
maintained with Dulbecco’s Modified Eagles Medium
(Gibco) and T98G was cultured in Eagle’s Minimum
Essential Medium (Gibco). The complete medium was
supplied with 10% fetal bovine serum and 1%
penicillin and streptomycin. All cells were cultured in
37°C incubator with 5% CO.. U0126 (#9903) and
LY294002 (#9901) were purchased from Cell Signaling
Technology. C646 (#12452) was purchased from
TargetMol (Shanghai, China) and Palbociclib
(#HY-50767) was purchased from MedChemExpress
(Shanghai, China).

siRNAs and Plasmids

The KIF15 siRNAs were purchased from
GenePharm (Shanghai, China) with the following
sequences: siRNA2 (5-AAAGGAAACUCUUUCC
AGCTT-3; 5 -GCUGGAAAGAGUUUCCUUUTT-3),
and siRNA3  (5-UUCAGAUCCUGCUAAAUC
CTT-3; 5-GGAUUUAGCAGG AUCUGAATT-3).
pGIPZ-shNC,  pGIPZ-shKIF15,  pGIPZ-shREST
plasmids were purchased from Thermo Scientific
CCSB-Broad lentiviral expression Library.
PEZ-LV206-REST plasmid and NEG-LV206 plasmid
were purchased from GeneCopoeia (Guangzhou,
China). pCMV-KIF15 overexpression plasmid
(#P56000) was purchased from MiaoLing Biology
(Wuhan, China). P300 wild type, P300-mutant,
flag-P300 full length and truncate mutation plasmids
were kindly provided by Prof. Tiebang Kang.

Primers and antibodies

Primers for KIF15 (forward: 5-AAAACTGAG
TTACGCAGCGTG-3, reverse: 5-AGTTGCGAATA
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CAGATTCCTGAG-3'), primers for REST (forward: 5’
-TTTCTCCAAGGGCCCCATTC-3, reverse: 5-GTCT
TCTGAGAACTTGAGTAAGGAC-3") and primers for
P300 (forward: 5-TATGATCCGTGGCAGTGTGC-3,
reverse: 5-TAGGTACAGGCG AGGGTGAA-3') were
synthesized from Sangon Biotech in Shanghai.

Antibodies against KIF15 (55407-1-AP), REST
(22242-1-AP), P-actin  (20536-1-AP), N-cadherin
(22018-1-AP), Flag (66008-2-1g), Rabbit IgG

(30000-0-AP), GAPDH (60004-1-1g) were purchased
from proteintech (Wuhan, China). p-c-Raf (#9427),
Erkl/2 (#4695), p-Erkl/2 (#4370), p-AKT(Ss)
(#4060), AKT (#4691), Vimentnin (#5741), Snail
(#3789), Slug (#9585), Cyclin A2 (#91500), CyclinD1
(#2978), CyclinD3 (#2936), CDK2 (#2546), CDK®6
(#3136), p-cdc2 (#9111), p-Rb(Ssorss11) (#8516),
p-Rb(S7s0) (#8180), p21 (#2947), pl8INK4C (#2896),
Histone H3 (#4499), Ki67 (#9449) were purchased
from Cell Signaling Technology (MA, USA). P300
(sc-48343), and mouse IgG (sc-515946) were
purchased from Santa Cruz (Shanghai, China).

Database analysis

KIF15 expression in 12 different cancers was
analyzed by Oncomine database (https://www
.oncomine.org/resource/login.html). The expression
of KIF15, REST and P300 in GBM compared to normal
tissues was identified by Human Protein Atlas
(https:/ /www.proteinatlas.org/). Expression profiles
of mRNA data of glioblastoma were downloaded
from Gene Expression Omnibus (GEO) database
(http:/ /www.ncbi.nl m.nih.gov/geo/), and dataset
GSE4290 was used to analyze the expression of KIF15
in normal and different cancer stages of glioblastoma.
The correlation of KIF15 between cell cycle marker
and REST expression in glioblastoma were analyzed
using TCGA database. The expression of REST in
normal tissues and GBM tissues, the correlation of
REST with P300 expression in GBM, the overall
survival in GBM and LGG patients with different
REST, KIF15 and P300 expression were analyzed by
Gene Expression Profiling Interactive Analysis
(GEPIA) database (http://gepia.cancer-pku.cn/). The
recognition motif of REST in mammalian cells was
downloaded in JASPAR databases (https://jaspar
.elixir.no/). P300 and REST’s binding site at the loci of
KIF15 promoter were predicted by WashU epigenome
browser in  ChIP-seq databases (https://
epigenomegateway.wustl.edu/browser/). The
interaction between P300 and REST was predicted by
STRING databases (https:/ /string-db.org/).

Cell viability assay

Cells were plated in 96-well plates and cultured
overnight. The drugs, siRNAs or plasmids were used

to treat cells with different doses and desired time.
10% MTT was added to the cell with continuous
culture for four hours. The absorbance value at 490
nm was measured and the cell viability was
calculated.

Colony formation assay

A total of 500-1000 cells were plated into 6-well
plate overnight. Cells were transfected with KIF15
specific siRNAs or control siRNAs. After 24 h, cells
were treated with DMSO or palbociclib and then
cultivated for 14 days. The cells were fixed with the
mixture (methanol: glacial: acetic=1:1:8) for 15 min,
washed twice with PBS and then stained with 0.1%
crystal violet/10% ethanol for 20 minutes. Colony
were photographed and calculated.

Gap-closure assay

The cells were transfected with siRNAs and
maintained to 90% -100% confluence in 6-well plates.
Then the cell monolayers were scratched using a 200
ul sterile pipette tip. The wounds were incubated
further and the images were taken at time 0 hour, 24
hours, 48 hours, and 72 hours respectively. The
migration rates were quantified.

Transwell assay

The cell invasion ability was performed using
24-well chemotaxis chambers (corning, USA). The
cells were plated in six-well plates and transfected
with siRNAs, plasmids or treated with drugs. Then
the cells were collected and resuspended with
serum-free medium and 5x104 cells were added to the
upper chamber coated with a mixture of serum free
medium and Matrigel (BD Biosciences, USA). The
lower chamber was filled with 500 ul medium with
20% fetal serum. The cells were incubated for 48 h or
72 h in the upper chamber. Then the cells located at
the filter were washed with PBS twice and fixed with
4% paraformaldehyde for 10min and then stained
with 0.1% crystal violet for 15 min. Images of the cell
were visualized by inverted microscope and the cells
were counted by Image J software.

Confocal immunofluorescence assay

The cells were plated on the cover glass in the
six-well plate. After culture overnight, the cells were
fixed with 4% paraformaldehyde for 10 minutes and
permeabilized with 0.2% Triton X-100 and then
blocked with 10% bovine serum albumin (BSA) for 30
min. After blocking, cells were incubated with KIF15
(1:50 dilution), or P300 (1:50 dilution) and REST (1:200
dilution) antibody overnight at 4°C. After three times
washing with PBS, cells were incubated with FITC-or
Rhodamine-conjugated secondary antibody for 1 hour
in the dark room. Subsequently, the nuclei were
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stained with DAPI for five minutes. After 3 times
washing with each for 10 min, the images were
visualized by Leica DM1400B confocal laser scanning
microscope.

Co-immunoprecipitation assay

Flag-P300-WT, flag-P300-F1 to F5 plasmids were
transfected into U87MG cells for 96 h or 48 h, and then
cells were lysed in immunoprecipitation buffer (50
mM Tris-HCI pH 8.0, 150 mM NacCl, 0.05 mM EDTA,
1% NP40 and 10% glycerol) and the lysate was
pre-cleared with protein A/G agarose beads (Santa
Cruz, Shanghai) for 2 h at 4°C. The supernatant were
immunoprecipitated overnight with anti-flag or REST
antibody and subsequently immunoprecipitated with
protein A/G agarose for 4 h at 4°C. The pellets were
washed three times with IP buffer, and then
resuspended in loading buffer followed by
SDS-PAGE analysis.

Cell cycle analysis

After transfection with siRNA and plasmids or
treatment with drugs, cells were collected and fixed
with ice-cold 75% ethanol overnight at -20°C. The
fixed cells were stained with 0.5 ml of propidium
iodide (PI) buffer containing 100 ug/ml RNase A,
0.2% Triton X-100 and 50 ug/ml PI at 37°C for 30 min
in the dark. The stained cells were analyzed by BD
Accuri C6 plus flow cytometry.

DNA-pulldown assay

The probe was synthesized by PCR using
biotin-labeled primers from Sangong Company. After
being transfected with plasmids or treated with
inhibitors, the nucleus proteins of the cells were
mixed with biotinylated KIF15 promoter probe (4 ug),
streptavidin agarose beads (50 ul) in 500 ul PBSI
buffer containing 1 mM PMSF, 0.5 M NaF, 2.5 mM
B-glycerophosphate, 1 mM Na3zVOy, 0.1 mM DTT, 20
uM Leupeptin and rotated for 4 h at room
temperature. After centrifugation and washing with
PBSI for three times, the beads were resuspended
with 1xloading buffer and boiled at 100°C for 10 min.
The supernatant was analyzed by Western blot.

Chromatin Immunoprecipitation (ChlIP) assay

Briefly, U87MG or T98G cells were transfected
with shRNAs, overexpression plasmids or treated
with drugs for the desired time, and then fixed with
1% paraformaldehyde, sonicated on ice to shear the
DNA into 200-500 bp fragments. A small portion of
cell lysate was used as DNA input control, and the
remaining lysate was subjected to immuno-
precipitations with anti-REST or anti-P300 antibody.
The non-specific rabbit or mouse IgG was used as
negative control. The immunoprecipitated DNA was

subjected to PCR to amplify a fragment of KIF15
promoter with the length of 116 bp. The primers used
for PCR was as following: 5-GTGAAAAGAGGG
ACCCGACA-3 and 5-CGTAGAGACTAAGGITG
AGC-3.

Animal study

All the animal maintenance and operational
procedures were carried out according to the
recommendations in the Guide for the Care and Use
of Laboratory Animals approved by Animal Care and
Ethics Committee of Dalian Medical University.
Four-six week old high immune deficiency NYG mice
were purchased from Liaoning Changsheng
Biotechnology Co., Ltd. For the rescue experiment, the
human glioblastoma cell US87MG with stable
knockdown of KIF15 and/or overexpression of REST
was established by lentivirus infection. The mice were
randomly divided into four groups (n=6 for each
group): LacZ+shNC, LacZ+shKIF15, REST OE+shNC,
REST OE+shKIF15, and the corresponding cells (1x107
suspended in 150 wul PBS) were injected
subcutaneously into right flank of each mice. Two
weeks after injection, the tumor diameters were
measured once every two days and tumor volume
was calculated as V= (Width?xlengh)/2. Mice were
sacrificed and tumors were taken from mice for
weighting and photographing. For the drug treatment
experiment, 1x107 US87MG cells resuspended in 150 ul
PBS were injected into the flank of each NYG mice.
Mice were randomly divided into four groups:
vehicle, palbociclib treatment, C646 treatment and
combination treatment (n=6 for each group), and
received different treatments at 6 days after cell
injection. Palbociclib (75 mg/kg) was given orally
once a day, C646 (8 mg/kg) was injected
intraperitoneally once a day, and the combination
group was administrated with drugs every other day
for 10 days respectively. The tumor diameters and
mice weight were measured every two days. One
week after the end of drug treatment, the mice were
sacrificed and the blood was collected for blood urea
nitrogen (BUN) analysis. The tumors were removed,
weighted at the final time point, and partial of them
was analyzed by Western blot, while the rest of them
were fixed with 10% formalin for IHC analysis.

Immunohistochemistry staining

The xenograft tumors were dissected and fixed
with 10% formalin overnight, embedded in paraffin,
and incised to 4pm thickness. Immunohistochemistry
staining was performed using PV9000 kit (ZSGB-BIO,
China) according to instructions. Briefly, the sections
were blocked with blocking reagents, incubated with
antibodies respectively against REST (1:800 dilution),
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KIF15 (1:100 dilution), p-RB (1:800 dilution), CyclinD1
(1:50 dilution), Slug (1:50 dilution), p-AKT (Ser473)
(1:50 dilution), or Ki67 (1:400 dilution) at 4°C
overnight. After being washed with PBS and
incubated with anti-mouse/rabbit biotin-labeled
secondary antibody, the slides were stained with DAB
kit (ZSGB-BIO, China), and counterstained with
hematoxylin. Finally, the slides were dehydrated
using gradient alcohol, sealed with neutral balsam
(Solarbio, China) and photographed with microscope.

Statistical analysis

Data were represented as mean+ SD from at least
three independent experiments. Statistical analysis
between two samples was performed using Student’s
t-test. Statistical comparisons of more than two
groups were performed using one-way analysis of
variance (ANOVA). All statistical analyses were
performed using Graph Pad Prism 8.0 software
(SanDiego, USA). P<0.05 was considered statistically
significant.

Results

KIF15 is highly expressed in glioblastoma and
promotes cancer cell proliferation and
metastasis

In order to evaluate the functions of KIF15 in
glioblastoma progression, we first analyzed its
expression based on clinical data from Oncomine and
Human protein Atlas database. Compared to normal
tissues, we found that KIF15 was highly expressed in
12 different kinds of cancers (Fig. 1A), especially in
glioblastoma (Fig. 1B, C). We further acquired the
overall survival information of glioblastoma patients
with different KIF15 expression in TCGA&GTEx
database, and the result showed that high KIF15
expression predicted poor outcomes in glioblastoma
patients (Fig. 1D). By analyzing the mRNA expression
data (GSE4290) from GEO database, the expression of
KIF15 was gradually up-regulated with the increase
of pathologic grade in glioblastoma (Fig. 1E).

We also analyzed the expression of KIF15 in
different glioblastoma cell lines (Fig.1F). US7MG and
T98G cells were chosen to knockdown KIF15 for their
abundant expression of KIF15 and higher transfection
efficiency (Fig. 1G). Immunofluorescence assay
indicated that KIF15 localizes in both cytoplasma and
nucleus (Supplementary Fig. 1A). After knocking
down KIF15, cell viability, colony formation ability
and cell migration and invasion capacity were all
significantly inhibited (Fig. 1H-K). Furthermore, we
detected AKT, Erk and EMT pathway-related proteins
upon KIF15 knockdown. The results showed that the
expressions of p-c-Raf, p-Erkl/2, p-Akt(S473),

N-Cadherin, Vimentin, Slug, and Snail were all
accordingly decreased after KIF15 was knocked down
(Fig. 1L, M). These results collectively suggested that
KIF15 might play a crucial tumor-promoting role in
GBM by maintaining cancer cell proliferation and
metastasis.

To further confirm the key contribution of Erk or
Akt signaling pathway activation to the proliferative
function of KIF15 in GBM cells, we treated U87MG
and T98G cells with Erk or Akt pathway inhibitor
alone or combined with KIF15 siRNA. MTT assay
showed that cell viability was significantly decreased
upon treatment with U0126/LY294002 or KIF15
siRNA. But compared to inhibitor and control siRNA
co-treatment group, cell viability was not obviously
decreased upon co-treatment with inhibitor and
KIF15 siRNA (Supplementary Fig. 1B, C), whereas,
inhibitor treatment obviously alleviated KIF15
overexpression-mediated cell viability promotion,
which is indicated by the statistical analysis that no
significant difference was observed between control
and KIF15 overexpression group after inhibitor
treatment (Supplementary Fig. 1E, F). These results
demonstrate that, Erk or AKT signaling pathway
plays a significant role in KIF15-mediated growth
promotion in GBM cells.

KIF15 promotes cell cycle progression and its
knockdown sensitizes glioblastoma cells to
palbociclib treatment

Considering the essential role of KIF15 in cell
mitosis [8], we deduced its tumor-promoting function
in GBM might be realized by its regulation on cell
cycle. The percentages of cells at each cell cycle phase
were analyzed in U87MG and T98G cells by flow
cytometry upon KIF15 knockdown. After transfection
with KIF15 specific siRNAs, compared to control
group, GBM cells accumulated more at GO/G1 phase,
which was accompanied by a concomitant reduction
in the proportion of cells in S and G2/M phase (Fig.
2A). Meanwhile, western blot assay in these two cells
demonstrated that KIF15 knockdown significantly
reduced the protein levels of Cyclin A2, CyclinD1,
CyclinD3, CDK2, CDK®6, and p-Rb, which are crucial
for cells entering into S phase from GO/G1 phase,
whereas cyclin-dependent kinase inhibitor P21
Wafl/CIP and p18INK4C were enhanced upon KIF15
silencing (Fig. 2B). These results demonstrated that
KIF15 silencing induced G0/G1 cell cycle arrest in
glioblastoma cells. By analyzing the expression
correlation between KIF15 and cell cycle-related genes
in 528 glioblastoma patients, KIF15 expression was
found to be highly positively correlated with CCNA2,
CDC25A and CDK2, moderately positively correlated
with ANAPC1, CCND1 and CDK4, and weakly
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positively correlated with P300, CDK6 and RB1
(Supplementary Fig. 2A,B). These results supported

our hypothesis that KIF15 promotes glioblastoma cell
growth by accelerating cell cycle progression.

[Te]
B - Casef Case2  Case3 L
o+, c ahians
(0]
o= o) o
© Y a5 % o
Lo s ——
S ® 0 - :
= Normal Tumor
= N = 0
D-, vera umfwmmemp E KIF15 Expression in Sun Brain F QP F RS
T a o £ KIF15 [ = = =] 15000
S s : ot 45kDa
® \ n(hipgms:-)zgg 2z 2° - B actin | I
.; . \,_‘ n(low)=337 % s :
g ] i -+ [ KIF15 S
8 3 L 18 5, E : i ﬁ_actinl—-—“—|%
= t-l E S : A | — - — |
s 1 2 —_ A KIF15 %
17 N 4_ = ﬁ_actinl e e e = ||_
21 ; 5 ; ; . ; : : K
0 50 100 150 200 Normal Grade2 Grade3 Grade4 @
Months (n=23) (n=45) (n=31) (n=81)
H us7me | 2
N
e}
)
Q
@D |
[}
Mbbk siCtrl siRNA2  siRNA3
J i
< 1.0
= o
= D05
s E L
3 E UB7TMG ____ T98G
& 0- K o KIF15 [ — = — [ 153kDa
SN Raf | p— b Y
o gL S p-c-Raf(S338)
= Erk1/2 | sssomsammw | = == —— |42/44kDa
g c 10l Ak
. -% ' p-Erk1/2[==— — [[== == = |4214k0a
3 ) p-Akt(S473) [ === || #= == . | 60kDa
ﬁ = E 0.5 Ak [ s— . (| o s | 60D
™~ 8 B-actin e || c— o— o— | 45kDa
0- YIRS
: : ; NS ORI O o\
siCtrl siRNA2 SiRNA3 é\g\‘ \Q_@? _@_@‘? T L TR
2 )
M U87MG T98G
o §5L(J)87MG o T98G KIF15 [ —— |« @& — | 153kDa
E« 82200 ggg »* _ N-Cadherin | e - - 130kDa
3 “5’150 o Ol —— Vimentin [ = —— —— || == = | 57kDa
A émo h 8100 BC Slug — || ot | 30kDa
%?,» oy 350 ﬁ ) § 50 7 Snail | e — = || - |20kDa
o Sydsiy i 0 Al o L 1 B-actin | e e v || <— —— <] 45kDa
i 7 L . kA ¥ WD NN R
i i i L TR (FF FF S F RS W
Mock siCtrl siRNA2 siRNA3 P& £ £ WS £ E c}q_g é\q§ E ;§§ (;\Q§

Figure 1. KIF15 is highly expressed in glioblastoma and promotes cancer cell proliferation and metastasis. (A) KIF15 is highly expressed in 12 kinds of different
cancers based on Oncomine database, including Brain and CNS Cancer. (B) KIFI5 expression is dramatically upregulated in glioblastoma compared to normal brain tissue in
TCGA and GTEx databases. (C) KIFI5 expression in three cases of brain tumors and the corresponding adjacent normal brain tissues and quantified presentation of its
expression according to the IHC score. (D) The overall survival of GBM patients with KIF15 high and low expression was analyzed according to GEPIA databases. (E) The
expression of KIF15 increases with the grade of glioma, and it’s the highest in WHO grade IV glioblastoma in GEO datasets. (F) KIFI5 expression in different glioblastoma cell
lines was detected by western blot. (G) KIF15 expression was knocked down by its specific siRNAs and detected by western blot in U87MG and T98G cells. (H) Cell viability
was detected by MTT assay after cells were cultured without transfection (Mock) or transfected with non-specific control (siCtrl), or KIFI5 specific siRNAs respectively. (I-K)
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Colony formation assay (l), gap-closure assay (J) and transwell assay (K) of U87MG and T98G cells transfected with KIF15 specific siRNAs for 48 hours and the corresponding
statistical analysis. (L) Western blot assay for expression of p-c-Raf, Erk1/2, p-Erk1/2, p-AKT (s473), AKT and B-actin in U87MG and T98G cells after KIFI5 were knocked down.
(M) Western blot assay for the expression of N-cadherin, Vimentin, Slug and Snail in U87MG and T98G cells after KIFI5 was knocked down. The data represent the mean+SD
of three independent experiments, and the level of significance was indicated by *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Mock: blank control. siCtrl: control siRNA.
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Figure 2. Knockdown of KIF15 induces GO/G1 phase arrest and sensitizes glioblastoma cells to Palbociclib treatment. (A) Representative cell cycle plots of
U87MG and T98G cells at 48 h after KIF15 knockdown. (B) The expressions of KIFI5 and cell cycle-associated proteins were analyzed by western blot after KIF15 was knocked
down for 48 h. (C) U87MG and T98G cells were transfected with KIFI5 specific siRNAs or control siRNAs for 24 h, and then were treated by different concentration of
Palbocilib for another 24 h. Cell viability was determined by MTT assay and IC50s were calculated. (D-E) Colony formation (D) and cell cycle assay (E) were performed
respectively in UB7MG and T98G cells with KIF15 knockdown and treatment of 10uM or 15uM Palbocilib sequentially. The corresponding quantified analysis was also performed.
The data represents the mean+SD of three independent experiments, and the level of significance was indicated by *P<0.05, **P<0.01, ***P<0.001. NC: Negative control. PB:

Palbociclib.
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Furthermore, we combined CKD4/6 inhibitor
Palbociclib with KIF15 siRNAs to evaluate whether
KIF15 knockdown could increase GBM cell sensitivity
to Palbociclib. MTT assay were used to determine the
IC50 value of Palbociclib in US7MG and T98G cells.
Compared with control group, the IC50 value was
decreased from 10.3 uM to 8.1 uM and 4.3 uM in
U87MG cells, and from 14.4 uM to 12 uM and 9.9 uM
in T98G cells respectively upon KIF15 silencing (Fig.
2C). Colony formation assay was also performed to
evaluate the influence of KIF15 knockdown on cell
growth after Palbociclib treatment. KIF15 silencing
markedly improved cell growth inhibition caused by
Palbociclib (Fig. 2D). We further knocked down KIF15
expression using its specific siRNAs in US7MG and
T98G cells and performed cell cycle analysis in such
cells with or without Palbociclib treatment. The
results showed that KIF15 knockdown combined with
Palbociclib treatment induced more G0/G1 phase
arrest when compared to single treatment (Fig. 2E).
Furthermore, we performed another MTT assay to
assess the role of cell cycle in KIF15-mediated GBM
cell function by using CDK4/6 inhibitor, Palbociclib
treatment. As shown in Supplementary Fig. 1D and
1G, Palbociclib co-treatment with KIF15 siRNA
alleviated KIF15 knockdown-mediated cell viability
inhibition (Fig. SID). Meanwhile, Palbociclib
treatment reversed the growth promotion by KIF15
overexpression in GBM cells (Fig. S1G). All these
results indicated that cell cycle pathway plays crucial
roles in KIF15-mediated growth promotion and
provided the potential that KIF15 silencing synergizes
with cell cycle inhibitor to produce more significant
anti-cancer effect in GBM treatment.

REST binds to KIF15 promoter and
transactivates KIF15 to promote glioblastoma
progression in vitro and in vivo

Given the essential tumor-promoting role of
KIF15 in glioblastoma cell survival, it is meaningful to
delineate the underlying mechanisms controlling
KIF15 expression. We performed DNA-pulldown
assay to screen and identify its potential transcription
factors. The biotin-labeled KIF15 promoter probe was
designed and synthesized firstly for pulldown
experiment (Fig. 3A, B). The nuclear proteins binding
to the probe were separated by SDS-PAGE and
silver-stained before mass spectrometry (Fig. 3C). The
identified proteins were subjected to intersection
analysis and preliminary screening with the results of
ChIP-seq from the Cistrome DB database, and REST
protein was chosen and focused on as the candidate
regulator of KIF15 (Fig. 3D). We then verified the
positive regulation of REST on KIF15 expression at
mRNA and protein levels in US87MG and T98G cells

(Fig. 3E). Consistently, a positive correlation between
REST and KIF15 expression in glioblastoma tissues
from TCGA database was observed (Fig. 3F). In order
to further confirm the possible transcriptional
regulation of REST on KIF15, considering its own
property as a transcription factor, we next analyzed
the binding of REST on KIF15 promoter. DNA
pulldown assay confirmed that REST could bind to
KIF15 promoter probe in different glioblastoma cells
and such binding was alleviated upon REST silencing
(Fig. 3G). Moreover, the potential DNA binding
sequence recognized by REST according to JASPAR
database was found in our designed KIF15 promoter
probe (Fig. 3H), and ChIP assay proved again the
binding of REST at KIF15 promoter in GBM cells (Fig.
3I). Altogether, these results demonstrated that the
abnormal up-regulation of KIF15 in GBM might be
mediated by the transactivation of REST.

Since REST might be a potential regulator of
KIF15 to be involved in the tumor-promoting role of
KIF15 and no research focusing on the function of
REST in GBM has been reported, we therefore next
evaluated the intrinsic tumor-promoting role of REST
in glioblastoma cells. Data retrieved from TCGA
normal and GTEx database revealed that REST
expression was significantly increased within GBM
tissues compared to normal tissues (Supplementary
Fig. 3A). Moreover, we acquired the recurrence and
OS data from CGGA database. The expression of
REST was higher in GBM with relapse than in those
without relapse (Supplementary Fig. 3B) and the
patients with high REST expression displayed much
poorer prognosis  (Supplementary Fig. 3C).
Subsequently, higher REST expression in three cases
of brain tumor tissues compared to normal tissues
was shown in supplementary figure 3D. These results
suggested that REST is positively associated with
glioblastoma progression. Furthermore, we evaluated
and found REST was highly expressed in different
glioblastoma cells (Supplementary Fig. 3E), and
ectopic REST expression increased KIF15 expression
in GBM cells, while REST knockdown reduced KIF15
protein level (Supplementary Fig. 3F). In addition, cell
viability, gap-closure and transwell assay showed that
REST  overexpression promotes GBM  cell
proliferation, migration and invasion, whereas its
knockdown caused opposite effects (Supplementary
Fig. 3G-I). Collectively, these data suggested that
REST promotes the malignant phenotype of GBM in
vitro, most likely, by targeting KIF15.

In order to explore whether REST promoted
GBM progression dependent on its regulation on
KIF15, we knocked down KIF15 expression in GBM
cells on the basis of REST overexpression in vitro. Cell
viability and transwell assay revealed that cell
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proliferation and invasion promoted by REST
overexpression were partially reversed by KIF15
knockdown (Fig. 3]-L). To verify our in vitro data in an
in vivo system, we further established US7MG cells
with stable REST overexpression and/or KIF15
knockdown. We subcutaneously implanted such cells
into NYG mice and evaluated tumor growth by
measuring tumor size and weight. The results showed
that REST overexpression partially alleviated tumor
growth inhibition caused by KIF15 knockdown (Fig.
4A-D). Western blot and IHC staining of tumor tissues
proved that the decreased expressions of p-AKT and
EMT- and cell cycle-associated protein markers
mediated by KIF15 knockdown were also rescued by
REST overexpression (Fig. 4E, F). Together, all these
data proved that KIF15 promotes glioblastoma
progression under the targeted regulation of REST.

P300 interacts with REST and its
acetyltransferase activity was necessary for the
transcriptional activation of KIF15 mediated
by REST in glioblastoma

It has been reported that REST could silence gene
activation via histone modification by forming
regulatory complex with HDACs [25], we deduced
the possible involvement of some other
transcriptional activator or co-activator in the
regulation of REST on KIF15 expression. We first
searched the ChIP-seq data in Cistrome Data Browser
and found that the KIF15 promoter region possesses
highly activate state in human glioblastoma cells,
which was indicated by the binding of H3K4me3 and
H3K27ac. At the same time, the binding peak of P300
was also seen at KIF15 promoter region bound by
REST (Fig. 5A). Considering the histone
acetyltransferase activity of P300 and its function as a
transcriptional co-activator, we next explored its
synergy with REST in regulating KIF15 transcription.
By wusing STRING database, we predicted the
interaction between REST and P300 (Fig. 5B).
Immunofluorescence staining showed the
co-localization of P300 and REST in nucleus in
different glioblastoma cells (Fig. 5C).
Coimmunoprecipitation studies demonstrated clear
associations between P300 and REST in GBM cells
(Fig. 5D). To determine which domain of P300 is
responsible for its interaction with REST, we
constructed flag-tagged P300 plasmids with different
deletion mutations in P300 domains (Fig. 5E). After
transfecting these plasmids into U87MG cells, the
isolated protein complexes were immunoprecipitated
by Flag antibody or REST antibody. The result
verified that REST interacted with P300 domain
containing HAT activity (amino acids at sites

1069-1942) (Fig. 5F). In line with this, the prediction
using HDOCK software also showed the binding of
the specific amino acid sequence within the
conformational space of REST with the HAT domain
of P300 (Fig. 5G). To further explore the essential role
of HAT activity of P300 in its interaction with REST,
we performed another co-immunoprecipitation assay
and found that P300 HAT inactivation reduced the
interaction between P300 and REST in U87MG and
T98G cells (Fig. 5H). DNA pulldown and ChIP assay
was respectively performed in U87MG cells with
overexpression of wild type P300 or HAT deletion
mutant P300 (AP300) or P300 HAT activity inhibitor
C646 treatment. The results showed that P300
overexpression induced more binding of P300 itself
and REST at KIF15 promoter region, while AP300
overexpression caused no binding increase (Fig. 5I,
K). By contrast, P300 HAT inhibitor C646 treatment
reduced the binding of P300 itself and REST at KIF15
promoter region (Fig. 51, K). ChIP assay in different
GBM cells also proved that P300 could bind to the
specific region of KIF15 promoter (Fig. 5J).
Furthermore, the ChIP assay proved again the HAT
activity of P300 was pivotal for P300 and REST
binding with KIF15 promoter (Fig. 5K). Moreover, the
overexpression of P300, but not AP300, augmented the
expression of KIF15, while P300 HAT inhibition with
C646 attenuated KIF15 expression (Fig. 5L). Overall,
our results showed the essential role of P300 and its
HAT activity in the anchoring of REST at KIF15
promoter region and, most likely, in the regulation of
REST on KIF15 expression in glioblastoma
progression.

REST synergizes with P300 to co-regulate
KIF15 expression and glioblastoma cell
malignancy

Prompted by above findings, we next explored
the possibility that REST associates with P300 to
co-regulate  glioblastoma cell malignancy by
synergistically targeting KIF15. For this purpose, we
first overexpressed P300 and simultaneously knocked
down REST in U87MG and T98G cells. As shown in
figure 6A, the up-regulated expression of KIF15
mediated by P300 overexpression was alleviated by
REST silencing. Not only that, cell viability, transwell
and FACS assays revealed that cell proliferation,
invasion and cell cycle progression promoted by P300
overexpression were reversed by REST knockdown
(Fig. 6B-D). Conversely, P300 HAT inactivity by C646
treatment suppressed GBM cell proliferation and
invasion while REST overexpression resulted in the
reversal of such suppression (Fig. 6E-G).
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Figure 3. REST binds to KIF15 promoter and transactivates KIF15 to promote glioblastoma progression in vitro. (A) Schematic diagram of biotinylated KIF15
promoter probe was shown. (B) Biotin-labeled KIF15 promoter probe was synthesized by PCR. (C) Silver staining analysis of KIFI5 promoter-binding proteins separated by
SDS-PAGE. (D) The overlaps of the pulled-down proteins by KIF15 promoter probe in U87MG and T98G cells and the binding proteins at KIF15 promoter region in these two
cells from ChlP-seq data. (E) Expressions of REST and KIFI5 in U87MG and T98G cells after silencing REST with its specific shRNAs were measured by RT-PCR and Western
blot. (F) The positive correlation between REST and KIFI5 expression was analyzed in TCGA database based on their mRNA level. (G) REST was pulled down by KIF15
promoter probe in different GBM cells or in T98G cells with REST knockdown by DNA-pulldown assay. (H) The binding sequence recognized by REST in KIF15 promoter. (I)
ChlP assay was performed using REST specific antibody or IgG to detect KIF15 promoter sequence from -402 to -287 (product length=116 bp) in different GBM cells or in T98G
cells with REST knockdown. (J) The expressions of REST and KIF15 were determined by Western blot in U87MG and T98G cells after REST was overexpressed and/or KIF15
was knocked down. (K) MTT assay was performed in U87MG and T98G cells with REST overexpression and/or KIF15 knockdown. (L) Transwell assay was performed in U87MG
and T98G cells with REST overexpression and/or KIF15 knockdown, and the invasive cells were photographed and calculated. The data represent the meanSD of three
independent experiments, and the level of significance was indicated by *P<0.05, **P<0.01, ***P<0.001.
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Figure 4. REST promotes the growth of glioblastoma xenografts in mice partially by targeting KIF15. (A) The formed tumors were stripped and photographed at
the end of experiment. (B-C) The mice of each group were sacrificed, and the tumor weight and tumor volume was measured respectively. (D) The tumor diameter was
measured at interval of 2 days after cell injection for 10 days and the tumor volume was calculated. (E) The expressions of REST, KIF15, p-AKT, AKT, Snail, Slug, Cyclin D1, and
B-actin in tumor xenografts were measured by western blot. (F) REST, KIF15, p-AKT, Slug, and Ki67 in tumor xenografts were detected by immunohistochemistry staining and
representative images were shown. Scale bars=50um. Original magnification: X40. (G) Statistical analysis for the expression of REST, KIF15, p-AKT, Slug and Ki67 in U87MG
xenografts based on IHC staining, n=5. Data are presented as meansSD, Two-tailed unpaired Student’s T-test. The level of significance was indicated by *P<0.05, **P<0.01,
***P<0.0001.
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Figure 5. P300 and its histone acetyltransferase activity were necessary for the transcriptional activation of KIF15 mediated by REST. (A) The binding peaks
of P300 and REST at the same region of KIF15 promoter in GBM cells from ChIP-seq data in Cistrome Browser. (B) The predicted interactions between REST and other proteins,
including P300, by STRING databases. (C) Immunofluorescence assay was used to detect the colocalization of REST and P300 in different glioblastoma cells. (D) The interaction
between REST and P300 in different GBM cells was detected by co-immunoprecipitation. (E) The schematic image of P300 plasmids with different domains was shown. (F) Co-IP
assay was used to detect the interaction between REST and P300 with different truncates in U87MG cells. (G) The interaction of P300 HAT domain (brown) with the potential
sites (colored) of REST residues (150-156 amino acids) was predicted by HDOCK software. (H) Co-IP assay was performed to detect the interaction between P300 and REST
after UB7MG and T98G cells were treated with DMSO or C646 for 24 h. (I) The binding of P300 and REST in KIF15 promoter was analyzed by DNA pulldown assay with KIF15
promoter probe (-737/-38) in U87MG cells with different treatment. (J) P300 antibody or IgG was used to immunoprecipitate KIFI5 promoter fragment (-402 to -287) in
different GBM cells by ChIP assay. (K) P300 antibody, REST antibody or IgG was used to immunoprecipitate KIFI5 promoter fragment (-402 to -287) in U87MG cells after
transfection with P300, AP300 plasmids or treated with C646. (L) The expressions of P300 and KIF15 in U87MG cells transfected with P300, AP300 plasmids or treated with
C646 were detected by western blot and RT-PCR. The data represent the meanSD of three independent experiments. AP300: P300 histone acetyltransferase domain delete
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Figure 6. REST synergizes with P300 to co-regulate KIF15 expression and glioblastoma cell malignancy. (A) The expressions of P300, REST and KIF15 were
detected in U87MG and T98G cells with P300 overexpression and/or REST knockdown. (B-D) MTT (B), transwell (C), and cell cycle assay (D) was performed respectively in
U87MG and T98G cells with P300 overexpression and/or REST knockdown. The corresponding quantified analysis was also performed. (E) The expressions of P300, REST and
KIF15 were detected in U87MG and T98G cells with C646 treatment (10uM) and/or REST overexpression. (F-G) MTT assay (F) and transwell assay (G) was performed in
U87MG and T98G cells treated with C646 and/or REST overexpression. The data represent the meanSD of three independent experiments, and the level of significance was
indicated by *P<0.05, **P<0.01, ***P<0.001.
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To further clarify the clinical correlation between
pairwise of REST, P300 and KIF15 in GBM, we
investigated the clinical significance of P300 in GBM
patients. P300 was found to be highly expressed in
GBM compared to normal brain tissues based on
TCGA normal and GTEx database, although the
difference has no  statistical  significance
(Supplementary Fig. 4A). IHC staining showed that
the expression of P300 in GBM is higher than that in
normal brain tissues in the data downloaded from
Human Protein Atlas (Supplementary Fig. 4B).
According to the data from GEPIA database, P300
expression could not predict GBM patients” survival
(Supplementary Fig. 4C). However, P300 expression is
moderately correlated with KIF15 expression and
highly correlated with REST expression in GBM
patients (R=0.36 and 0.57  respectively)
(Supplementary Fig. 4D, E). More importantly, the
simultaneous hyper-expression of P300/REST/KIF15
could effectively separate GBM tissue from normal
brain tissues (Supplementary Fig. 4F) and high
expression of these three simultaneously predict poor
prognosis in glioblastoma patients (Supplementary
Fig. 4F, G). These results, from another perspective,
proved again the synergy of REST and P300 in
promoting KIF15 expression and GBM malignancy
and their potential in clinical diagnosis and outcome
prediction.

C646 treatment improves the therapeutic
efficacy of palbociclib in GBM xenograft
models

Since REST regulates KIF15 expression and
subsequent cell cycle progression dependent on P300
and its HAT activity in GBM cells, we reasonably
supposed HAT inactivity of P300 might sensitize
GBM to cell cycle inhibitor treatment. We next
determined whether the combination of C646 and
Palbociclib displays better therapeutic efficacy than
Palbociclib alone in mouse xenograft models. Mice
bearing U87MG xenografts were treated with Vehicle,
Palbociclib, C646 or their combination at the 6th days
after cell injection for another 10 days and tumor
growth trend was recorded and analyzed. Compared
to monotherapy, combination therapy more
significantly suppressed tumor growth (Fig. 7A-D),
while mice weight loss and overt toxicity were not
found (Fig. 7E, F). Consistently, the expressions of cell
cycle-associated and proliferation-associated protein
markers in tumor tissues were obviously
down-regulated upon the combined treatment when
compared to the single treatment group (Fig. 7G, H).
These data indicated that the combination of
Palbociclib and C646 might be an effective therapeutic
strategy for glioblastoma, further implying that P300

HAT inactivation might be considered to be
employed to sensitize GBM cell to cell cycle blockade.

Discussion

Among different types of brain tumors,
glioblastoma is a WHO grade IV glioma characterized
by property of high invasiveness, extensive
metastasis, and rapid angiogenesis. Combined with
genetic heterogeneity and protection by the blood
brain barrier, great treatment challenges have been
posed to GBM. More than that, the rapid DNA repair
and self-renewing capacities of GBM cells lead to
resistance production to all common treatment
patterns, including temozolomide (TMZ) treatment,
which has been approved by the FDA for patients
with GBM and astrocytomas [31]. Thus, it's urgent to
find new biological and molecular targets in GBM
progression and to develop innovative treatment
strategy based on this. Our study demonstrated that
KIF15 promotes GBM cell proliferation, metastasis,
cell cycle progression and resistance to Palbociclib.
Mechanistically, REST interacts with P300 histone
acetyltransferase (HAT) domain to co-regulate KIF15
expression. Inhibition of P300 HAT activity with C646
leads to KIF15 transcription inhibition and the
alleviated KIF15 expression, thereby further resulting
in the decreased cell proliferation and metastasis and
the increased cell cycle arrest and sensitivity to
Palbociclib  (Figure 8). Thus, P300/REST/KIF15
signaling axis is expected to be served as a cascade of
candidate therapeutic targets in anti-GBM.

A linkage between REST and KIF15 in
glioblastoma cancer has been built in our study based
upon several new findings. First, REST has been
found to be recruited to the KIF15 promoter and
activate KIF15 transcription in GBM cells, which
provides a deep understanding in the regulatory
mechanism of KIF15's abnormal activation in
glioblastoma. Second, REST has been identified as an
oncogene in glioblastoma in our study, which is
consist with the finding that REST plays
tumor-promoting roles in nervous system cancer
[32,33], although in non-nervous system cancer, it has
been implicated as a transcription repressor to play
diverse roles in multiple cellular processes [34, 35]. As
evidenced by the results that KIF15 knockdown
reversed REST overexpression-caused GBM cell
survival promotion in vitro and in vivo, it is conclusive
that REST drives GBM progression at least partially
via its targeted regulation on KIF15. In other words,
KIF15 plays an integral role in the tumor-promoting
function of REST in GBM, thereby indirectly proving
the importance of KIF15 in GBM development.
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Figure 7. C646 combined with Palbociclib produced synergistic anti-tumor effect in glioblastoma xenograft model. (A) The representative images of tumor
xenografts from mice treated with indicated agents. (B-C) Tumor weight (B) and volume (C) was respectively measured or calculated after mice were sacrificed. (D) Tumor
volumes of NYG mice bearing U87MG xenografts were measured at the 6th day after cell injection every two days. (E) The changes in body weight for mice bearing xenografts
were recorded during the whole treatment process. (F) Blood Urea Nitrogen (BUN) levels of mice in each group were measured by the BUN kit (n=6). (G) The expressions of
P300, KIF15, p-RB, CyclinD1, p-AKT, and Kié7 were analyzed by immunohistochemical staining in U87MG xenografts after receiving different treatments (n=5) and the
representative images and the corresponding quantified analysis were also shown. Scale bars, 50um. Data are presented as means+SD, Two-tailed unpaired Student’s T-test. (H)
The expressions of P300, REST, KIF15, p-AKT, Cyclin A2, Cyclin D1, CDK4, CDK6 and GAPDH from tumor tissue lysates were analyzed by Western blot. The data represent
the meanzSD of three independent experiments, and the level of significance was indicated by *P<0.05, **P<0.01, **P<0.001. PB: Palbociclib; Comb: Combination.
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Figure 8. Schematic diagram of KIF15 regulate mechanism in GBM. We demonstrated that REST recruits P300 to co-anchor at the promoter region of KIF15 in GBM
cells to synergistically regulate KIFI5 transcription and subsequent tumor progression, during which the HAT activity of P300 has been proved necessity to potentiate KIFI5

promoter activity.

Given the function of P300 as transcription
co-activator and the appearance of its binding peaks
at KIF15 promoter region in GBM cells, which has
been proved to be bound to by REST, we deduced the
possibility of P300 interacting with REST to
co-regulate KIF15 transcription. Combined with the
previous studies showing that REST binds to the RE1
motif within target genes and recruits Sin3A/B and
coREST to repress gene expression [25, 36] and P300
interacts with RBBP4 to form complex that controls
critical survival genes and respond for TMZ resistance
in glioblastoma [37], it is more reasonable to assume
that REST synergizes with P300 to co-regulate GBM
progression by targeted activation of KIF15
transcription. In line with this, we identified the
existence of P300/REST axis at KIF15 promoter region
to co-modulate the expression of KIF15, and further to
co-promote GBM cell proliferation and metastasis.
Moreover, the interaction between P300 HAT domain
and REST has been verified in our results (Fig. 5E-G),
and the binding of REST at KIF15 promoter was
dependent on the HAT activity of P300, which is
reflected by the facts that HAT function loss mutant of
P300 or its HAT inhibitor could not influence or
decrease the binding of REST at KIF15 promoter. We
thus speculated that REST recruits P300 to the
promoter of KIF15 gene to initiate KIF15's
transcription under the acetylation of itself mediated
by P300. Considering that the binding of REST on
KIF15 promoter region was accompanied by H3K4
methylation and H3K27 acetylation predicted in
Wash U epigenetic database (Fig. 5A), the possibility
that acetylation of histones at this fragment is also
mediated by P300 is not excluded. If so, very possibly,

histone and REST share different sites within P300
HAT domain. Besides, some other transcription
activators or coactivators might also be needed to
initiate KIF15’s transcription together with REST and
P300 in GBM cells. All these points deserve to be
further investigated and clarified.

To date, clinical trial approaches for GBM
treatment focusing on glioblastoma-intrinsic targets
including tyrosine receptor kinases [38-40], cell cycle
control [41] and apoptosis induction [42]. But the
effects were disappointing possibly because of the
inadequacy of single pathway blocking or production
of therapeutic resistance. The same situation has
occurred in the clinical trials of cell cycle inhibitors,
especially CDK inhibitors, including Palbociclib,
Ribociclib, and Abemaciclib, in GBM patients,
although they have been approved by the FDA for the
treatment of advanced breast cancer [43] and
Palbociclib was found to efficiently cross the
blood-brain barrier and proved highly effective in
suppressing the growth of intracranial GBM xenograft

tumors [44]. Thus, the adjuvant or combination
treatment strategies for cell cycle blockade should be
explored and proposed. Based on our finding that
KIF15 plays a tumor-promoting role in glioblastoma
by accelerating cell cycle progression and P300 HAT
activity contributes to the abnormal up-regulation of
KIF15 mediated by REST in GBM, we explored and
proved the potential of Palbociclib combined with
P300 inhibitor (C646) in anti-GBM, which is consistent
with our clinical finding that P300/REST/KIF15 axis
is positively correlated with the malignant
progression of glioblastoma patients. For the
incurable glioblastoma, these findings will hopefully

https://www.ijbs.com



Int. J. Biol. Sci. 2024, Vol. 20

5143

lead to its improved treatment. Of note, KIF15-IN-1, a
commercially available small molecule inhibitor on
KIF15 motility [45], has been reported to be used in
castration-resistant prostate cancer (CRPC) treatment
[46]. Considering the pivotal role of KIF15 in
glioblastoma progression proved by us, whether
KIF15-IN-1 could be used in anti-glioblastoma alone
or in combination with other treatments, including
chemotherapy or cell cycle suppression, should also
be further investigated. From the current research, our
study at least provides a theoretical basis for the usage
of KIF15-IN-1 in glioblastoma treatment.

Our study currently focuses on the
comprehensive exploration about the upstream
regulatory mechanisms of KIF15 regarding to its
promotion in GBM progression, although MTT assay
in Fig. S1 preliminarily indicated that, both Erk/AKT
and cell cycle pathway were responsible for the
tumor-promoting role of KIF15 as the possible key
downstream signaling pathways. KIF15 knockdown
was found to cause cell cycle blockade and sensitize
GBM cells to Palbociclib treatment. Combined with
the known role of KIF15 in cell mitosis and the
potential regulation of cell cycle progression by
Erk/AKT pathway, we cannot rule out the main
contribution of the cell cycle in the GBM promotion
process mediated by KIF15. To further uncover the
downstream effective mechanisms of KIF15 in GBM
development, more  explorations, including
RNA-sequencing study, are needed and should be
conducted in our future study.
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