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Background: Sarcomas are rare heterogeneous tumours, derived from primitive mesenchymal stem cells,
with more than 100 distinct subtypes. Radioresistance remains a major clinical challenge for sarcomas,
demanding urgent for effective biomarkers of radiosensitivity.
Methods: The radiosensitive gene Kinesin family member 18B (KIF18B) was mined through bioinformatics
with integrating of 15 Gene Expression Omnibus (GEO) datasets and The Cancer Genome Atlas (TCGA) data-
base. We used radiotherapy-sh-KIF18B combination to observe the anti-tumour effect in sarcoma cells and
subcutaneous or orthotopic xenograft models. The KIF18B-sensitive drug T0901317 (T09) was further mined
to act as radiosensitizer using the Genomics of Drug Sensitivity in Cancer (GDSC) database.
Findings: KIF18B mRNA was significantly up-regulated in most of the subtypes of bone and soft tissue sar-
coma. Multivariate Cox regression analysis showed that KIF18B high expression was an independent risk fac-
tor for prognosis in sarcoma patients with radiotherapy. Silencing KIF18B or using T09 significantly improved
the radiosensitivity of sarcoma cells, delayed tumour growth in subcutaneous and orthotopic xenograft
model, and elongated mice survival time. Furthermore, we predicted that T09 might bind to the structural
region of KIF18B to exert radiosensitization.
Interpretation: These results indicated that sarcomas with low expression of KIF18B may benefit from radio-
therapy. Moreover, the radiosensitivity of sarcomas with overexpressed KIF18B could be effectively
improved by silencing KIF18B or using T09, which may provide promising strategies for radiotherapy treat-
ment of sarcoma.
Fundings: A full list of funding can be found in the Funding Sources section.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

haemoptysis. Image-guided radiotherapy is more advantageous than
surgery in patients with oligometastatic disease, especially in sar-

Sarcomas are rare and heterogeneous tumours with more than
100 distinct subtypes. They are derived from mesenchymal cells, and
develop in soft tissues or skeleton in 80% and 20% of the cases,
respectively [ 1]. At present, surgery and radiotherapy are main treat-
ments for sarcomas at present [2]. Although these tumours are
sometimes mistakenly called "radio-resistant”, radiotherapy can
alleviate metastatic patients’ symptoms such as metastasis pain and
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coma [3]. Therefore, radiotherapy is a critical part of the treatment
of sarcomas.

Sarcoma is one of the few clinical tumour models for neoadjuvant
radiotherapy, which makes it a good model to investigate radiosensi-
tive markers [4]. Moreover, the low sensitivity to radiotherapy of
sarcomas makes the search for these markers imperative [5]. Identifi-
cation of radiosensitivity-related markers could rely on high-
throughput microarray platforms. However, the study of individual
microarrays often provides insufficient samples, thereby neglecting
high abundance molecules [6]. Here we integrated multiple microar-
ray datasets to compensate for the low sample sizes and to provide
more convincing results.
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Research in context

Evidence before this study

A total of 15 Gene Expression Omnibus (GEO) datasets of sarco-
mas including different subtypes were obtained in October,
2018. The differentially expressed genes (DEGs) between sarco-
matous and non-sarcomatous samples were analysed using
limma package. RobustRankAggreg (RRA) package was used to
integrate genes to avoid problems related to low sample size
and inconsistent results in different technological platforms.
Gene expression and clinical information data were extracted
from the TCGA dataset of sarcoma on September 15, 2018.
Genomics of Drug Sensitivity in Cancer (GDSC) database pro-
vides an accurate data resource for relocation of existing drugs.

Added value of this study

The specific sarcoma-radiosensitivity related gene, KIF18B, was
mined through bioinformatics analysis. It was found that
KIF18B overexpression is closely related to radioresistance. The
study confirmed that silencing KIF18B or using a KIF18B-sensi-
tive drug (T0901317) could reduce the survival rate of clone
formation, promote apoptosis and DNA damage, and effectively
improve radiosensitivity on high KIF18B expressing sarcoma
cells.

Implications of all the available evidence

This study indicated the promising prospect of KIF18B as a pre-
dictive biomarker and a novel target for radiosensitivity in sar-
coma patients. Combining radiotherapy and KIF18B-based
therapy could exert radiosensitization, which plays a possible
role in reducing radiation exposure dose during radiotherapy.
We will further explore KIF18B-targeted drugs to improve
radiosensitivity of sarcoma.

Kinesin family member 18B (KIF18B) is closely associated with the
pairing and separation of chromosomes during mitosis, and control-
lings microtubule length, and centring the mitotic spindle at meta-
phase [7-9]. Furthermore, KIF18B expression correlates with
tumorigenicity and poor prognosis of some tumours [10,11]. For
instance, Gao [12] and Yang [13] showed that KIF18B promoted
tumour progression by activating S-catenin. A bioinformatics study
confirmed that overexpressed KIF18B could work as a potential prog-
nostic biomarker [14]. However, the biological impact of KIF18B
expression has not been verified in sarcoma.

Table 1
The gene expression profile data characteristics

We used bioinformatics tools, including the Gene Expression
Omnibus (GEO) database [15] and the Cancer Genome Atlas (TCGA)
database [16], to mine sarcoma gene profiles to screen radiosensitiv-
ity-related genes KIF18B was chosen for further analysis. We investi-
gated the radiosensitivity of KIF18B-silenced sarcoma cells, showing
that KIF18B was a biomarker for radioresistance. The KIF18B-sensi-
tive drug T0901317 (T09) was mined from the Genomics of Drug Sen-
sitivity in Cancer (GDSC) database. The combination beteen T09 and
radiotherapy provides new insights into the treatment for sarcomas.

2. Materials and methods

2.1. Gene microarray datasets of GEO database and clinical
characteristics of TCGA

All relevant data are available from the public database. The data
collection related to osteosarcoma and soft tissue sarcoma were
obtained from GEO database on October 15, 2018, in which fifteen
datasets (GSE42352, GSE14359, GSE59568, GSE52390, GSE51049,
GSE62747, GSE21122, GSE764, GSE68295, GSE6476, GSE42977,
GSE28511, GSE62544, GSE2719, and GSE90592) were included in the
study based on the following criteria: (1) The study of osteosarcoma
or soft tissue sarcoma samples. (2) The study containing non-sarco-
matous tissues or cell lines. The gene expression profile data charac-
teristics from GEO datasets were shown in Table 1.

The data of gene expression and clinical information (Table 2)
were extracted from TCGA dataset of sarcoma on September 15,
2018.

2.2. Screening of radiosensitivity-related genes

The GEO database stores functional genomics data sets based on
public arrays, allowing users to query and download experiments
and gene expression profiles. The limma R package was used to filter
differentially expressed genes (DEGs) in each GEO dataset (p-value
adjustment<0.05 and |logFC|>1). Using RobustRankAggreg (RRA) R
software package, we integrated DEGs from 15 datasets to signifi-
cantly increase the sample size and to avoid generating less reliable
results.

The TCGA dataset of sarcoma comprises 263 sarcomatous samples
and two non-sarcomatous samples, including leiomyosarcomas
(105), undifferentiated pleomorphic sarcomas (51), dedifferentiated
liposarcomas (59), myxofibrosarcomas (25), synovial sarcomas (10),
malignant peripheral nerve sheath tumours (9), desmoid tumours (2)
and unclassified samples (2). The data were standardized using
EdgeR (R package) to analyse DEGs between sarcomatous tissues and
non-sarcomatous tissues based on TCGA database. We used a cut-off

Reference Tissue GEO Platform Normal  Tumor  Upregulated Genes  Downregulated Genes
Kuijjer ML et al. 2012 Osteosarcoma GSE42352 GPL10295 3 84 304 382
Guenther Ret al. 2010 Osteosarcoma GSE14359 GPL96 2 10 460 452
[uraK, Oda Y et al. 2015 Liposarcoma GSE59568  GPL13915 3 6 603 682
Wolf T, Mechtersheimer G etal. 2013 Liposarcoma GSE52390  GPL6947 2 29 61 239
Patil N, Heil O et al. 2013 Liposarcoma GSE51049  GPL6884 3 3 11 3
Kunstlinger H et al. 2014 Liposarcoma GSE62747 GPL4133 1 7 994 863
Taylor BS et al. 2010 Liposarcoma GSE21122  GPL96 9 89 246 449
Quade BJ et al. 2004 Uterinesarcoma GSE764 GPL80 4 13 49 59
Miyata T et al. 2017 Uterinesarcoma GSE68295  GPL6480 3 3 153 128
Levine DA et al. 2015 Uterinesarcoma GSE64763 GPL571 29 25 307 520
De Rienzo A et al. 2013 Pleuralmesothelioma  GSE42977  GPL6790 7 8 711 970
Sarver Aetal. 2013 Rhabdomyosarcoma GSE28511 GPL6947 3 18 1109 1246
Guo X etal. 2015 Leiomyosarcoma GSE62544  GPL11154 6 17 867 849
Yoon SS et al. 2005 Fibrosarcoma GSE2719 GPL96 1 7 3 17
Laginestra MA Fibrosarcoma GSE90592 GPL14951 3 26 932 1245
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Table 2
The clinical information of TCGA sarcoma dataset
Categories ~ Frequency  Percent (%)
Sex Male 118 45.6
Female 141 54.4
Age (years) <60 128 49.4
>60 131 50.6
Event Alive 161 62.2
Dead 98 37.8
Local disease recurrence No 143 83.1
Yes 29 16.9
Tumor necrosis percent <10 48 50
>10 48 50
Metastatic diagnosis (%) No 120 68.2
Yes 56 31.8
Radiation therapy Yes 73 343
No 140 65.7

criteria of |log,FC>1|, P<0.05 to identify DEGs. The clustering heat-
map was generated by R package gplots 3.3.3.

The hub genes were obtained from up/down-regulated DEGs
between integrated GEO datasets and TCGA database using VENN
diagram.

The expression of hub genes was divided into the high expression
group and the low expression group based on the median. Univariate
and multivariate analysis of hub genes were performed using Cox
regression in the radiotherapy patient group and the non-radiother-
apy patient group (P<0.05). Survival (R package) was performed for
Kaplan-Meier survival analysis.

2.3. Cell lines and culture

Gene expression data of sarcoma cell lines were obtained from the
Cancer Cell Line Encyclopedia (CCLE) database (portals.broadinsti-
tute.org/ccle) [17]. All relevant data are available from the public
database.

MNNG/HOS Cl #5 and HT-1080 were cultured in Eagle's minimum
basic Medium (#30-2003) with 10% FBS, RD and A-673 were cultured
in Dulbecco’'s Modified Eagle's Medium (#30-2002) containing 10%
FBS. These cell lines were maintained at 37 °C with 5% CO,. Above
cells were obtained from Beina Bio (Beijing, China).

2.4. Human and animal tissue specimens

In this study, tissue microarray was obtained from Fanpu Biotech-
nology Co., Ltd (chip number: SFT961, China), containing 36 cases of
human bone and soft tissue sarcoma (17 cases of sarcoma, 11 cases of
fibrosarcoma, four cases of malignant stromal tumour, two cases of lip-
osarcoma, and two cases of osteosarcoma) and 12 cases of human
benign mesenchymal tissues (five cases of leiomyoma, two cases of
lipoma, two cases of benign stromal tumour, one case of fibroma, and
two cases of other benign tumour). Paraffin sections were also pur-
chased from Fanpu Biotechnology Co., Ltd, containing four cases of
osteosarcoma, six cases of normal bone. The average age of all patients
was 43.45+17.4 years old (range from 8 to 80 years old); the original
clinical data recorded the patients’ age, gender, histotype.

Moreover, paraffin sections of tumour tissues of mice were
obtained from subcutaneous xenograft models and orthotopic xeno-
graft models.

2.5. Immunohistochemistry (IHC)

The sections were deparaffinized with xylene and hydrated in
graded ethanol and distilled water. The sections were subjected to
heat-induced epitope retrieval utilizing 0.01 M citrate buffer (pH 6.0)
for 8 min at 80 kPa high pressure. 3% hydrogen peroxide was used to

block endogenous peroxidase activity. The sections were incubated
with the primary antibody (primary-rabbit Anti-KIF18B antibody, 1:
50, ab121798, abcam; primary-rabbit Anti-Ki67 polyclonal antibody,
1: 200, BS90769, Bioworld) at 4 °C overnight. Tumour sections were
then incubated with Goat anti-rabbit IgG (1: 50, ZDR-5306; Zhong-
shan Gold Bridge Biotechnology, China), and the signal was detected
using the DAB Kit (ZLI-9018; Zhongshan Gold Bridge Biotechnology,
China).

2.6. Evaluation of Immunohistochemistry

All stained specimens were evaluated blindly by two experienced
researchers (ZJ Y. and XL L.). KIF18B is mainly localized in the cyto-
plasmic and nuclear. Ki67 protein was located mainly in the nuclear.
The percentage of positively stained cells (0 to 100%) and the score of
immunohistochemical staining intensity (no stain, 0; weak positive,
1; medium intensity, 2;and strong positive, 3) were multiplied as
immunoreactive score (IRS), ranged from 0 to 300%.

2.7. ShRNA and transfection

The four human shRNA sequences were provided by GenePharma
(Shanghai, China). Cells were cultured with 2 mL medium containing
2 g shRNA, P3000 Reagent, Lipofectamine 3000 Reagent (Invitro-
gen, USA) for 6 h at 37 °C, then the medium with vectors were
replaced with complete medium. The cells were collected after 48 h.

To conduct the rescue experiments, 2000 ng of shKIF18B-resistant
pcDNA3.1-KIF18B expression vectors (GenePharma, China) were
transfected into sh-KIF18B MNNG/HOS cells. Transfection was per-
formed as described above.

2.8. Real-Time quantitative RT-PCR

Total RNA was extracted from cells with TRIzol (R1100, Solarbio,
China). The purity and concentration of RNA were calculated with
optical density (OD) at 260 and 280 nm. The synthesis of cDNA was
performed with FastKing RT Kit (KR116, Tiangen, China) by PCR Ther-
mal Cycler Dice (TP600, TaKaRa, Japan). Real-time PCR analyses were
performed by SuperReal PreMix Plus (FP205, Tiangen, China) in the
Applied Biosystems 7300 Real Time PCR System (Applied Biosystems,
Foster City, USA). The expression level of KIF18B was standardized to
pB-actin (B661102, Sangon, China). The relative gene expression was
calculated using the 2-AACT method. The primer sequences used to
amplify KIF18B were 5-GCTGCAAGTAGTGGTACGGG-3' (forward)
and 5-CCTCAGGGTTAAACACCAGCA-3’ (reverse), and the p-actin
sequences were 5-GCCGCTATGCCCTCTA-3' (forward) and 5'-CAATT-
CATGCTTGATCCCT-3’ (reverse). Experiments were conducted inde-
pendently in at least triplicate.

2.9. Radiation

Radiation was conducted using a SIEMENS linear accelerator (SIE-
MENS Medical Systems, Germany). The doses were 0, 2, 4, 6 and 8 Gy
with the rate of 2 Gy/min.

2.10. Colony survival experiment

48 h after transfection, cells were seeded on 6-well plates. DMSO
(dimethyl sulfoxide) or T0901317 (3 uM, A2249, APEXBIO, USA) was
added on corresponding groups for another 48h, respectively. Then
the cells were irradiated with 0, 2, 4, 6, or 8 Gy every three days for a
total of two weeks. 70% ethanol was applied to fixed cells, and crystal
violet was applied to stain cells. The number of colonies, defined as
>50 cells/colony, was counted. Plating efficiency (PE) was calculated
as follows: PE=number of cloning/number of vaccination, and this
was compared with the negative control group. Survival rate (SF)
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was calculated as follows: SF=number of cloning/number of vaccina-
tion x PE.

2.11. Measurement of apoptosis

The apoptosis of tumour cells was measured with Annexin-V/FITC
kit (Beyotime, Shanghai, China) using MACSQuantTM Flow Cytome-
ter (Miltenyi Biotec, Germany). The cells were irradiated at the dose
of 0 or 8 Gy. After irradiation for 24 h, cells were collected and FITC-
coupled annexin V was added for 15 min, then propidiumiodide (PI)
was supplemented for 5 min. The experiments were performed in
triplicate.

2.12. Immunofluorescence

The different transfection-treated cells were exposed to O or 8 Gy.
After 24 h, cells were fixed for 15 min, permeabilized with 0.1% Triton
X-100, and blocked in 5% bovine serum albumin. The anti-y-H2AX
antibody (1: 200, ab11268, Absci, USA) was added at 4 °C overnight.
The secondary antibody (goat anti-rabbit fluorescent, 1: 200,
E031220; EarthOx) then was added for 1 h in darkness. After soaking
in DAPI (C0065, Solarbio, China), cells were observed under a confocal
microscope (C2 plus, Nikon, Japan). Multiple fields of view over 200
cells were selected randomly for the counting.

2.13. Data mining of GDSC databases

We confirmed that the reproduction and publication of the GDSC
[18] data complied with the organization. We searched for com-
pounds with significant sensitivity of high expressed KIF18B. Scatter
plots were generated by R package gplots 3.3.3.

2.14. CCKS8 assay

48 h after transfection, cells were seeded on 96-well plates. T09
with the final concentration of 0.04, 0.2, 1, 5, 25 or 125 uM was
added for another 48 h. Then the cell viability was measured with
Cell Counting Kit-8 (CCK8 APExBIO, USA) assay. The OD values were
measured at 450 nm to calculate the cell survival rate. Repeated three
times for every test.

2.15. Docking T09 onto KIF18B

The homology modeling of KIF18B protein (accession code:
Q86Y91, from NCBI database) based on the template sequence, was
constructed using Molecular Operating Environment (MOE) 2018
package (Chemical Computing Group, Montreal, QC, Canada).The
whole modeling process was described comprehensively in our pre-
vious study [19]. The energy of homology model was minimized with
MOE. The feasibility of homology modeling was analysed with Rama-
chandran plots. The KIF18B homology model was preprocessed with
QuickPrep and docked with TO9 based on the instruction of MOE
General Dock. The interaction and the key amino acid residues were
displayed.

2.16. Western blotting (WB)

Whole cell proteins were extracted with the whole Protein
Extraction Kit (BB-3101, BestBio, China) and were quantified with the
BCA protein assays. Then the proteins were separated by 12% SDS-
polyacrylamide gel electrophoresis (PAGE) and were electrotrans-
ferred onto 0.45 um polyvinylidene difluoride (PVDF) membranes.
After blocked with 5% (w/v) non-fat milk for 2 h, the membranes
were incubated at 4 °C overnight with the primary antibody (Pri-
mary-rabbit Anti-KIF18B antibody, 1: 2000, ab168812, abcam;
B-Actin (13E5) Rabbit mAb, 1: 1000, #4970, CST), followed by

incubation with goat anti-rabbit HRP-conjugated secondary antibody
(1: 10000, E030120, EarthOx, USA) at room temperate for 1 h. The
strip imprint was visualized with an ECL detection system (Pierce,
Thermo Fisher Scientific, USA) and densitometry was performed
using Image]J (1.8.0). The experiments were performed in triplicate.

2.17. KIF18B stable transfection

MNNG/HOS Cl #5 cells were transfected with sh-KIF18B 3 plasmid
(h) and sh-NC plasmid (h), respectively. The medium containing
puromycin antibiotic (P8230, Solarbio, China) was replaced with
fresh medium after transfection for 72 h. The method used to select
stable cell strains was described in the study [20,21]. Western blot
analysis was used to confirm the stable expression of plasmids in
MNNG/HOS Cl #5 cells.

2.18. In vivo mouse studies

Animal experiments were approved by the Ethics Committee of
China Medical University, and were carried out in accordance with
guidelines prescribed by the Institutional Animal Care and Use Com-
mittee of China Medical University.

2.18.1. Subcutaneous xenograft model

Female nude mice (6 weeks old, 401, Vital River, China) were ran-
domly divided into the following groups: 1) sh-NC MNNG/HOS cells,
2) sh-NC MNNG/HOS cells+T09, 3) sh-KIF18B MNNG/HOS cells, and
4) sh-KIF18B MNNG/HOS cells+T09. 2 x 10° cells per site with the dif-
ferent treatments were injected subcutaneously into the right sub
axillary of the mice. When the tumour volume reached about 50
mm?>, mice from different groups were divided randomly into the
two subgroups: one sub-group of mice was irradiated (2 Gy x 4 days,
total body irradiation), and the other sub-group of mice was non-irra-
diated (n=6/subgroup). T0O9 (50 mg/kg) was injected into the tumours
48 h before irradiation in corresponding groups. Tumour volume (T)
was estimated every three days, and calculated by V =(L x $2)/2 for-
mula (L and S represent long and short axis of tumours, respectively).
Weight of mice was monitored every three days throughout the
study period. In order to balance the time of testing across treatment
groups, all mice were submitted to euthanasia when the volume of
the xenograft was big enough or started to show obvious tumour
necrosis. Tumours and main organs were isolated to perform relevant
examinations. The survival time of another batch of mice was moni-
tored (n=6/group).

2.18.2. Orthotopic xenograft model

Groups were divided in the same way as described above. Six-
week-old nude mice were inoculated cell suspensions by intra-bone
marrow administration (2 x 10° cells/mouse). Prior to the inocula-
tion, mice were anesthetized with 2% isoflurane. The left hind limb
was bent 90° to allow piercing in tibial plateau with a 25 G needle for
the inoculation of 10 uL of cell suspension. Time/dose schedule of
radiotherapy was the same as the subcutaneous xenograft model.
Tumour volumes were estimated every three days, and were calcu-
lated by the following standard formula: length x width?/2. The mice
were euthanized when any tumour reached 1.5 cm in diameter
(n=4/subgroup). Primary tumours were removed en bloc along with
the surrounding involved bone, including the articulation between
the femur and the tibia. The femur was transected with scissors at
the proximal border of the tumour; the tibia was transected at the
distal border and fixed with 4% paraformaldehyde. Bone was decalci-
fied with decalcifying solution (G1105, G1107, Servicebio, China)
before being embedded in paraffin. The blood samples from retrobul-
bar vein were centrifuged at 1000 g for 10 min to harvest the
required serums. The levels of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), blood creatinine (CRE), and uric acid
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(UA) were measured using a chemistry analyser (BS-120, Mindray,
China). Tissues (liver, spleen, kidney, bone marrow, intestine) har-
vested from mice in 0 Gy+sh-NC+T09 group and 0 Gy+sh-NC group
were processed for haematoxylin-eosin (H&E) staining, and the stained
slides were analysed by experienced researchers (Z] Y. and XL L.)

2.19. TUNEL assay

One step Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) apoptosis assay kit was used to analyse
the cell apoptosis in tissue sections according to the manufacturer’s
instructions. Three visual fields were randomly picked.

2.20. Statistical analysis

The correlation between KIF18B expression and clinicopathologi-
cal parameters of sarcoma patients from TCGA was evaluated by
Pearson Chi-square test or Fisher's Exact Test. Univariate and multi-
variate Cox proportional hazards regression models were used for
assessing the association between potential confounding variables
and prognosis. Survival analysis was conducted using the Kaplan-
Meier method, and differences between cohorts were assessed using
the log-rank test. Wilcoxon rank-sum test was used to analyse the
differences between groups with non-normally distributed variables.
The independent-samples t test was used to compare the continuous
variable among the different groups. All statistical analyses were car-
ried out using SPSS statistical software package (ver.16.0, SPSS).
P<0.05 was considered to statistically significant.

3. Results
3.1. Identification of differential genes in sarcoma

A bioinformatics analysis workflow was shown in Fig. 1. DEGs
between sarcomatous and non-sarcomatous gene profiles were
obtained from each GEO dataset (Fig. 2a, padj<0.05 and [logFC]>1).
The DEGs from each dataset were integrated and analysed using the
RobustRankAggreg. The integrated DEGs, including 392 down-regu-
lated genes and 264 up-regulated genes, were identified for further
screening (Fig. 2b, Table S1).

Using the TCGA database, 1098 DEGs, 1089 of them down-regu-
lated and nine up-regulated, were found between 263 sarcomatous
tissues and two non-sarcomatous (Fig. 2c, Table S2, padj<0.05 and
[log,FC]> 1).

The Venn analysis demonstrated 34 intersections of DEGs from
TCGA and GEO databases (Fig. 2d), including 27 down-regulated
genes and 7 up-regulated genes (Table 3).

3.2. KIF18B high expression is a specific risk factor for radiotherapeutic
sarcoma patients

We downloaded the clinical characteristics of 263 soft tissue sar-
coma patients from TCGA database (Table S3), including 73 patients
that had undergone radiotherapy, 140 patients that had not, and 50
patients unknown, to mine genes related to the radiotherapy out-
come. We performed univariate Cox regression analysis (Table S4) in
the radiotherapy and the non-radiotherapy groups to assess the asso-
ciation among DEGs and the survival of patients. In the radiotherapy
group, recurrence, metastasis, ASPM, GTSE1, KIF18B, UHRF1, DES,
CLIC5, and CCDC69 were significantly correlated with overall survival
(OS). Further multivariate Cox regression analysis revealed that high
expression of KIF18B (P=0.039) and CCDC69 (P=0.038) were indepen-
dent risk factors of sarcoma with radiotherapy (Table 4). In the group
of patients without radiotherapy, univariate Cox regression analysis
showed that CCDC69 was also related to OS (Table S4). Besides, we
found that the OS of patients that had undergone radiotherapy

Sarcomatous vs non-sarcomatous Sarcomatous vs non-sarcomatous
tissue for each GEO dataset tissue for TCGA

l |

Differentially expressed gene
signature in TCGA profiles

Differentially expressed gene
signature in multiple profiles
by rank aggregation
Batch normalization
p-value adjustment<0.05
|Log,FC| >1

Batch normalization
p-value adjustment<0.05
|LogFC| >1

Genes dramatically
Genes dramatically up/down-regulated
up/down-regulated (edgeR)
(sva, limma)

l |

264 genes upregulated 9 genes upregulated
392 genes downregulated 1089 genes downregulated

656 genes in total 1098 genes in total
L ]

l

Expressed gene in both databases
7 genes upregulated
27 genes downregulated
34 genes in total

l

Investigating the prognostic risk factors

associated with radiotherapy in
univariate

and multivariate cox’s proportional
hazard regression models

l

Survival analysis
TCGA sarcoma dataset
TCGA sarcoma subtype dataset

Fig. 1. Flowchart for bioinformatics analysis from GEO and TCGA databases. GEO,
gene expression omnibus; NCBI, national center for biotechnology information; TCGA,
the cancer genome atlas; logFC, logarithmic foldness; log,FC, log, counts-per-million.

treatment with high KIF18B expression was significantly worse than
that of those with low KIF18B expression; however, no significant
differences were observed in patients without radiotherapy (Fig. 3a).
The similar phenomenon was also found in two subgroups of sarco-
mas (Fig. 3b, ¢; LMS, leiomyosarcoma; UPS, undifferentiated pleomor-
phic sarcoma). However, the expression of CCDC69 was related to OS
of patients regardless of whether radiotherapy was used (Fig. 3d).
Therefore, KIF18B was further analysed as a radiosensitivity-related
gene. We hypothesised that KIF18B-based therapy might specifically
affect the radiotherapy effect.

3.3. Silencing KIF18B enhances the radiosensitivity in sarcoma cells

After validation with TCGA and GEO data, the expression of
KIF18B also was examined by immunohistochemistry. Results sug-
gested that, compared with benign mesenchymal tissues, KIF18B was
significantly overexpressed in bone and soft tissue sarcomas, such as
leiomyosarcoma, osteosarcoma, etc (Fig. 4a). We chose high KIF18B
expression cell lines, HT1080, RD, MNNG/HOS Cl #5, among bone
and soft tissue sarcoma cell lines for the following experiments. To
verify the relationship between KIF18B expression and radiosensitiv-
ity, the expression of KIF18B was disturbed significantly with sh-
KIF18B 3 and sh-KIF18B 4 (Fig. 4b).

We performed the clonal formation assay to analyse the cell sur-
vival fraction (SF). The results showed that the SF in the sh-KIF18B
group significantly decreased compared with the sh-NC group at the
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Fig. 2. Convergence of DEGs across sarcoma and non-sarcoma. a, The volcanic plot of gene profiles of each GEO dataset (limma R package, padj<0.05 and [logFC]>1). b, The heat
maps showed DEGs integrated from the GEO datasets. We showed the top 20 genes with up-regulated and down-regulated expressions. The numbers in each rectangle represented
standardized levels of gene expression. OS, osteosarcoma. ¢, The volcano plot and heatmap analysis were performed by R software with edgeR package (padj<0.05 and [log,FC]>1).
Data were downloaded from the TCGA database. The volcano plot showed nine up-regulated DEGs and 1089 down-regulated. The heatmap showed all up-regulated DEGs and top
20 downed-regulated DEGs, respectively. d, The intersection of DEGs between TCGA database and GEO datasets. GEO, gene expression omnibus; TCGA, the cancer genome atlas. (a-
c) Up-regulated genes, red; down-regulated genes, green.

dose of 4 Gy, 6 Gy and 8 Gy (Fig. 4c, Fig. S1). Although KIF18B knock- possibility that lower colony numbers in the sh-KIF18B+8 Gy group
down also caused a substantial growth inhibition on sarcoma cells than in the sh-NC+8 Gy group was just due to KIF18B knockdown.
without radiation (Fig. S2), the calculation of the SF excluded the Similarly, the levels of early apoptosis and DNA damage marker
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Table 3
Differentially expressed genes in sarcoma

Total Genes

Up-regulated Genes 7 BLM, ASPM, KIF18B, UHRF1, CDC25C, GTSE1, CDC6
Down-regulated 27 HSPBS, LIMS2, ALDH2, GPD1, SORBS2, BHMT2, DES,
Genes Clorf115, PCK1, GABARAPL1, ECHDC3, CLIC5,
ALDH1L1, COL4A4, AZGP1, ACSL1, TST,
FAM189A2, AQP1, CCDC69, MYL9, SCNN1A,
GPX3, CYB5A, SERPINAS, MAL2, AQP7

(yH2AX) significantly increased in the sh-KIF18B+8 Gy group com-
pared with the sh-NC+8 Gy group, but no significant differences were
found between the shKIF18B+0Gy group and the shNC+0Gy group
(Fig. 4d, e). Furthermore, sh-KIF18B MNNG/HOS cells were trans-
fected with shKIF18B-resistant pcDNA3.1-KIF18B expression vectors
to rescue expression of KIF18B (Fig. 4f). We found a significant recov-
ery of resistance to radiation in the sh-KIF18B+pcDNA3.1-KIF18B
group compared with the sh-KIF18B group (Fig. 4g). Besides, we
found that overexpression of KIF18B in A-673 cell line (low expres-
sion of KIF18B among sarcoma cell lines in CCLE database) induced
radiotherapy resistance (Fig. S3a-c). These results indicated that
silencing KIF18B enhanced the radiosensitivity of sarcoma cells and
that KIF18B played a critical role as a potential target in radiotherapy
for sarcoma.

3.4. Silencing KIF18B improves the efficacy of radiotherapy for sarcoma
in vivo

To establish the subcutaneous xenograft model, sh-NC and sh-
KIF18B transfected MNNG/HOS cells were injected subcutaneously
into mice, respectively (Fig. 5a). Mice were radiated with a dose of 0
(without radiation) or 8 Gy (2 Gy x 4 days). Although radiotherapy or
sh-KIF18B alone could moderately delay the tumour growth, radio-
therapy combined with sh-KIF18B significantly inhibited tumour
growth (Fig. 5b, d, e). By calculating the tumour volume ratio of 8 Gy
to 0 Gy, we found that the transplanted tumours in mice of sh-
KIF18B group were more sensitive to radiotherapy compared to those
in the sh-NC group (Fig. 5c). Kaplan-Meier survival analysis revealed
that mice in the sh-KIF18B group with radiotherapy had significant
prolongation of survival time compared with the other three groups
(Fig. 5f). Immunohistochemistry (IHC) analysis confirmed that
expression of KIF18B was decreased in the sh-KIF18B group (Fig. 5g).

The Ki-67 expression was significantly inhibited in the sh-KIF18B
group treated with radiotherapy, and moderately decreased in the
radiotherapy or sh-KIF18B groups alone compared with sh-NC group
(Fig. 5g). The TUNEL staining assay found that radiotherapy combined
with sh-KIF18B induced the highest levels of apoptosis of all treat-
ments in vivo (Fig. 5g). No significant change in weight was observed
in any of the groups during this trial. (Fig. 5h).

To better mimic the clinical scenario, we used an orthotopic xeno-
graft model to further explore the sh-KIF18B mediated radiosensitiv-
ity in sarcoma (Fig. 5i). Consistent with the results of the
subcutaneous xenograft model, the orthotopic tumour volumes were
decreased significantly in sh-KIF18B group treated with radiotherapy
compared to that in all other groups (Fig. 5j-1). Histologic staining
showed that orthotopic tumours broke through the bone cortex and
extended into the surrounding soft tissue in the control groups, but
not in the sh-KIF18B group treated with radiotherapy (Fig. 5m). In
conclusion, these results suggested that silencing KIF18B was benefi-
cial for the efficacy of radiotherapy for sarcoma in vivo.

3.5. The improved radiosensitivity of sarcoma by T09 is associated with
KIF18B high expression

We aimed to mine drugs related to KIF18B to enhance the radio-
sensitivity of sarcoma with KIF18B high expression. The GDSC data-
base contains data from ~75,000 experiments, revealing statistically
significant drug-gene correlations [22]. We selected drugs whose
half-maximal inhibitory concentration (ICsg) values were signifi-
cantly associated with high KIF18B expression. Based on ICsq of drugs
in cell lines with different KIF18B expression from the GDSC data-
base, we found that T0901317 [T09, N-(2,2,2-trifluoroethyl)-N-[4-
[2,2,2-trifluoro-1-hydroxy-1-(trifluoromethyl)ethyl]phenyl]-benze-
nesulfonamide], an agonist of liver X receptor (LXR), was a drug that
was sensitive to high KIF18B-expressing cells (P=0.042, Fig. 6a). With-
out radiation, the cell counting kit-8 (CCK8) assay showed statisti-
cally significant increases of ICso for T0O9 in shKIF18B sarcoma cells
compared to that in the sh-NC group (Fig. 6b), indicating that high
KIF18B-expressing sarcoma cells were more sensitive to T09. We fur-
ther evaluated the radiosensitization of T09-treated high KIF18B-
expressing sarcoma cells. Using sh-NC sarcoma cells, we found that
the SF significantly decreased (Fig. 6¢), and early apoptosis and DNA
damage significantly increased (Fig. 6d, e) in TO9 group treated with
radiotherapy compared with the radiotherapy group alone, the T09
group alone, or the untreated group. These results suggested that

Table 4
Univariate and multivariate Cox regression analysis of of clinicopathological data correlated with OS in radiation-treated sarcoma.

Factors n Univariate Multivariate (n=60)

HR (95% CI)?* P HR (95% CI)° P
Sex (Male/Female) 73 1.218 (0.568-2.611) 0.613 o o
Age,years (<62/>62) 73 1.547 (0.722-3.316) 0.262 1.819 (0.667-4.963) 0.242
Local disease recurrence (No/Yes) 60 2.964 (1.192-7.368) 0.019 3.139(0.996-9.891) 0.051
Tumor depth (Superficial/Deep) 63 2.947 (0.395-21.961) 0.292 .o oo
Tumor necrosis percent (<15/>15) 38 1.405 (0.503-3.928) 0.517 (1] oo
Race (Other/White) 70 0.921(0.216-3.927) 0.912 oo o
New tumor event after initial Treatment
(No/YES) 46 111.064 (0.333-37090.821) 0.112 oo o
Metastatic diagnosis (No/YES) 63 3.090 (1.330-7.180) 0.009 1.397 (0.437-4.465) 0.573
ASPM (low/high) 73 3.004 (1.323-6.820) 0.009 1.030(0.180-5.893) 0.973
GTSE1 (low/high) 73 2.213(1.006-4.868) 0.048 0.619 (0.097-3.972) 0.613
KIF18B (low/high) 73 4.179 (1.761-9.920) 0.001 7.773 (1.113-54.315) 0.039
UHRF1 (low/high) 73 2.228(1.014-4.897) 0.046 0.863 (0.159-4.692) 0.864
DES (low/high) 73 3.458 (1.458-8.198) 0.005 2.721(0.832-8.904) 0.098
CLIC5 (low/high) 73 0.372(0.169-0.822) 0.014 0.471 (0.159-1.401) 0.176
CCDC69 (low/high) 73 0.372(0.167-0.831) 0.016 0.285 (0.087-0.932) 0.038

2 Pvalue, HR and 95% CI were assessed using univariate Cox regression analysis.
b Pvalue, HR and 95% Cl were assessed using multivariate Cox regression analysis.
HR, hazard ratio; 95% CI, 95% confidence interval. OS, overall survival. e, no data to display.
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Fig. 3. High expression of KIF18B is a specific risk factor for sarcoma patients with radiotherapy. a, The effect of mRNA expression of KIF18B on survival time of sarcoma
patients (including the two main subtypes, LMS and UPS, and other subtypes) with or without radiotherapy. b, The effect of KIF18B mRNA expression on survival time of LMS
patients with or without radiotherapy. ¢, The effect of KIF18B mRNA expression on survival time of UPS patients with or without radiotherapy. d, The effect of CCDC69 mRNA
expression on survival time of sarcoma patients with or without radiotherapy. LMS, leiomyosarcoma. UPS, undifferentiated pleomorphic sarcoma. (a-d) Survival (R package) was

performed for Kaplan-Meier survival analysis.

T09, as a sensitive drug for KIF18B, could effectively increase the
radiosensitivity of high KIF18B-expressing sarcoma cells.

To investigate whether the increased radiosensitivity by T0O9 was
related to KIF18B, the sh-KIF18B sarcoma cells treated with or with-
out T09 were radiated at a dose of 8 Gy. There were no significant dif-
ferences in SF (Fig. 6¢), cell apoptosis (Fig. 6d) and DNA damage
(Fig. 6e) between the TO9 group and the drug-free group after silenc-
ing of KIF18B. These results suggested that TO9 could not improve
the radiosensitivity of sarcoma cells after silencing of KIF18B. Based
on these studies, we speculated that the improvement of radiosensi-
tivity by TO9 might be related to KIF18B.

In order to explore how T09 influenced KIF18B to increase radio-
sensitivity, we performed a WB assay and found that T09 could not
inhibit the expression of KIF18B in sarcoma cells with radiation
(Fig. 6f). We further speculated that TO9 might interfere with KIF18B
through direct binding to it. The molecular operating environment
(MOE) docking results indicated that T09 could interact with KIF18B
stably(S=-6.941) and the analysis of the binding sites showed that
KIF18B-protein 267Ser, 269Arg, 304Lys, 349Asn, 352Lys might bind
T09 (Fig. 6g, h). Therefore, T09 might interact with the above amino
acid residues of KIF18B to exert inhibiting effects.

In addition, trametinib was selected as a high KIF18B-resistant
drug (PCC=0.21, P=0.002) based on the GDSC database (Fig. S4a).
Although the ICsq value of trametinib was positively correlated with
KIF18B expression (Fig. S4b), the clone formation assay showed tra-
metinib did not affect efficacy of radiotherapy on sarcoma cells (Fig.
S4c).

3.6. T0901317 enhances radiosensitivity of sarcoma cells in vivo

In order to investigate the inhibitory effect of T09 on the growth
of sarcoma cells in vivo, we used a subcutaneous xenograft model

(Fig. 7a). Using the sh-NC sarcoma cells, the tumour volumes in the
T09+8Gy group was significantly smaller than the radiotherapy group
alone, the TO9 group alone, or the untreated group (Fig. 7b-d). Simi-
larly, Ki67 expression was significantly lower in the T09 group with
radiotherapy (Fig. 7e), and the TUNEL assay showed that TO9 group
treated with radiotherapy had higher ratio of cell apoptosis (Fig. 7e).
Additionally, the combination of TO9 and radiotherapy significantly
extended the survival time of the sarcoma-bearing mice (Fig. 7f). The
intratibial inoculation of MNNG/HOS cell suspensions in mice was
also performed to determine the contribution of TO9 to radiosensitiv-
ity in the orthotopic xenograft model. Tibial xenograft tumour
growth was suppressed significantly in the TO9 group treated with
radiotherapy (Fig. 7g-k). In summary, T09 could significantly enhance
the radiosensitivity of sarcoma cells in vivo.

Using the sh-KIF18B sarcoma cells, we found that there were no
significant differences in tumour volume and survival time between
the T09 group and the drug-free group with radiation (Fig. 7b-d, h-j).
[HC and TUNEL assays showed that there were no significant differ-
ences in the expression of Ki-67 (Fig. 7e) and the proportion of apo-
ptosis (Fig. 7e). The results suggested that T09 cannot exert
additional radiosensitization in vivo after silencing of KIF18B. More-
over, the IHC assay showed that TO9 cannot inhibit the KIF18B
expression of sarcoma in sh-NC sarcoma cells (Fig. 7e). This was con-
sistent with the previous results, indicating that TO9 increased the
radiosensitivity of sarcoma cells might through interfering with
KIF18B rather than inhibiting KIF18B expression.

Finally, we evaluated the safety of T09 treatment in vivo. There
were no significant differences in the weight of mice among disparate
groups (Fig. 71). The T09 (+) and T09 (-) groups without radiation
showed no difference of serum biochemical parameters (Fig. 7n).
Microscopic evaluations of stained bone marrow smear did not mani-
fest any morphological abnormalities of bone marrow cells in the
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Fig. 4. Inhibition of KIF18B enhances the radiotherapeutic effect on sarcoma cells. a, Representative micrographs presenting immunohistochemical staining of KIF18B in human
sarcoma tissues and benign mesenchymal tissues. Human sarcoma tissue samples were collected from 34 cases of soft tissue sarcoma and six cases of osteosarcoma. The six cases of
osteosarcoma were shown independently. b, The transfection efficiency of shRNA demonstrated that sh-KIF18B 3 and sh-KIF18B 4 could down-regulate mRNA and protein expres-
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Fig. 5. Sarcomas progression is inhibited in vivo by silencing KIF18B combined with radiotherapy. a, The experimental process of establishing subcutaneous xenograft model
(n=6). b, The tumour growth volume curve of mice. ¢, The ratio of tumour volume with the dose of 8 Gy to 0 Gy. d, The subcutaneous xenograft tumour was removed surgically at
day 25 post-tumour implantation. e, The weight and volume of xenograft tumour. f, Kaplan—Meier survival plot showed survival of mice. g, The KIF18B and Ki-67 expression were
detected in tumour tissues by IHC assay. Fluorescence staining was performed on TUNEL (green) and chromatin was stained with DAPI (blue). Scale bars, 50 ;«m. h, Body weight
changes in mice. i, The experimental process of orthotopic xenograft model (n=4). j, Tibial xenograft tumour volumes (mm?) were measured every three days. k, The orthotopic
xenograft tumours were removed surgically at day 25 post-tumour implantation. 1, The weight and volume of orthotopic xenografts tumours. m, Representative photographs of
H&E-stained sections of tibial xenograft tumour at day 25 after inoculation. (b, e, j, 1) P values were obtained from independent-samples t test; Error bars denote SD. *P<0.05,
“P<0.01, "P<0.001. (f) P values were obtained with log-rank test. "P<0.01, " P<0.001.

above two groups (Fig. 7m). The vital organs of the mice were 4. Discussion

assessed by H&E staining, there was no observable organ/tissue dam-

age including liver, kidney, heart, spleen, and intestine (Fig. 7m). The Clinical studies have demonstrated that resistance to radiotherapy
results showed that treatment of T0O9 would not impair the health of is a critical factor for restricting the therapy of sarcoma and contrib-
mice. utes to its low survival rate and poor prognosis. The low incidence



W. Liu et al. | EBioMedicine 61 (2020) 103056 11

a b HT-1080 RD MNNG/HOS
—_ T [0 -+ sh-NC (ICs50=5.57+0.42uM) = sh-NC (IC50=5.82+0.03pM) -+ sh-NC (ICs50=5.71£0.20uM)
g 3 : = 1 ‘shKIF1BE3(IC50=10.7720AQBMM)]** 15 shKIFﬂiB3(I050=9A42:0.1nuM)]*** 1 fshKIF1SBG(IC50=10.18tn.46uM)]**
=] I % £
% 2 T090\1i317 i ! 'g - M [
S 1 H 205 05 05
oo °
(_‘D 2 10 ’ t ' § o - . £
-1.0 -05 0.0 05 1.0 O 0.0 0.0 0.0 -
Pearson correlation coefficient 0 1 2 3 0 ToggloguM)z 0 1 2 3
c HT1080 RD MNNG/HOS
Dose (Gy) Dose (Gy) Dose (Gy)
10246 02468 0 4 024638
O O (@] i ;:
Z Z < : =4
5 ey BF i ; \
D o ve 4 S pivy
2 SRPE T 00T snNCEE)T
— o 24638
x oE B i
© | * ©|F 9.
L i L " $0.1
9T ¢ ey > ¥z
|2 0.01 gl B .01 09 w13t S .01
» sh-KIF18B 3100(1) " 7 ShKIF18B 3000~ " shKIF18B 3MT09(4)~
d 0Gy 8Gy e OGy 8Gy
sh-NC sh-NC g __sh:NC__
TO9(-)  TOS(+) TO9(-) T09(+) T09(-) TO9(+) T09( ) TO9(+ T09(-) TO9(+)  TOY(- ) T09(+)

4.87 2.7472.42 5.22 10.97 12.88/70.21 0.12 17.97,10.20 l 17.82
‘ i ; |8

17885 15,03 i, 185,38 b, 43,85

1.39 5.39/{1.74 5.92/{4.11 23.63{7.08 23.89 14.73 24.30 10.96 17.45)

HT1080

HT1080

9149 |12.02 188115 14,18 §4.g3‘ 7,94 15125 17,78 laa.16 _26.81154.17 27,4

7.32/]0.45 15.76 {2.58 25.49 10.63 28.32/]0.69 ‘ 25.59 10.67 28.27|

¥

113.61132.76 8 29 2541_"54_5,3_1 29.38 41,68

yYH2AX (green)+DAPI (blue)
RD

{MNNG/HOS RD

losse_| 6,04/17027 13,52 852

MNNG/HOS

s MNNG/HOS HT1080 MNNG/HOS
S 2. NS 5 45, — e NS 45 e NS 15 — = NS
7 = 8- = e e
8 3 210
g = 385
g ul %
8%y--++++ - -+ + + o+ - -+ + o+ o+ 8Gy- - + + + + - -+ + o+ o+ - -+ + + o+
T09- + - + - + -+ -+ -+ T TOO- + - + - + T T
sh-NC+ + + + - - + 4+ + + - - + + + + - - sh-NC+ + + + - - + + + + - - + + + + - -
sh-KIF18B- - - - + + = - - - %% - - - o %% shKIFI8E- - - - + + - - - - F % oo 3%
NS «» NS * NS
f & “_'*;5,1.5 [ @Q”_'%mg FL & “_%1.2 'y
PSP ca ! & & & oa | S 23!
KIF 185 i - - E%U-g ﬂ KIF 185 e 0 il §g°-gﬁ KIF18Bw s vl 5005 ﬂ
-actin e - w— L OyORS F-actin s s L OO B-actin e - - O YO )
i HT1080 g © ‘b@{\ RD g © ‘b@;\ MNNG/HOS g © %@%"/\
By > >
g . Ramachandran plot h

150150 90 -66 30 0 30 60 9 120 150 180
Phi
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and the complexly heterogenic sarcoma subtypes hindered the
development of effective treatments. In this study, we identified
DEGs through bioinformatics analysis with integrating of TCGA and
GEO datasets. The found DEGs could be used as targets in different
sarcoma subtypes. We conducted GSEA and Gene Ontology (GO)
analysis of the DEGs as well, and found that the occurrence of sar-
coma could be induced by the dysregulation of cell cycle and mitosis
(Fig. S5). We further screened out the radiotherapy resistance-related
gene KIF18B, which is also a mitosis related gene. We confirmed that
inhibition of KIF18B could enhance the radiosensitivity of sarcoma
cells. Our results indicated that KIF18B plays a critical role as a poten-
tial sarcoma-specific target in radiation therapy. Furthermore, we
selected T0901317, a drug sensitive to KIF18B, to provide a potential
treatment for radiosensitizing sarcoma tumours.

Kinesin superfamily proteins (KIFs) that participate in cell mitosis
were first identified by Vale et al. [23] Their dysregulation might be
closely related to the occurrence of tumours such as liver cancer, cer-
vical cancer, and breast cancer [10,11,24]. This study found that
KIF18B was significantly up-regulated in different sarcoma subtypes,
which correlated with poor prognosis (Table S5). Furthermore, mem-
bers of the KIF family could also respond to cellular DNA repair [25],
and inhibiting DNA repair has become an attractive treatment to
enhance the cytotoxic effects of ionizing radiation [26]. We found
that KIF18B was an independent risk factor that affected specifically
the prognosis of sarcoma patients with radiotherapy. Besides, KIF18B
expression in sarcoma cells was significantly increased when
exposed to X-ray irradiation (Fig. 6f), which might facilitate the radio-
therapy resistance of sarcoma. Moreover, this study confirmed that
inhibition of KIF18B could enhance the efficacy of radiotherapy.
Repair of DNA lesions and the inhibition of apoptosis represent two
main mechanisms of tumour radioresistance [27]. H2AX could rap-
idly phosphorylate and locate at the DNA lesions site upon DNA dam-
age and could be used as a sensitive marker for DNA lesions. Our data
also suggested that up-regulation of H2AX phosphorylation and
increase of apoptosis played a vital role in KIF18B knockdown-medi-
ated enhancement of radiosensitivity in sarcoma cells. Tumour cells
undergo clonogenic death via multiple mechanisms in addition to
apoptosis, such as mitotic catastrophe. Cells in the G2/M phase have
been found to have the highest sensitivity to the radiation [28,29].
Microtubule stabilizing agents can lead to tumour cell cycle arrest in
the G2/M-phase [30], and hence, increase radiosensitivity of cells
[31]. Similarly, microtubule destabilizers such as vincristine, which
inhibits microtubule polymerization to cause cell cycle arrest at the
M phase [32], might potentially exert radiosensitization theoretically,
even though this has not been reported yet. KIF18B is important for
microtubule polymerization, and its expression level is maximal at
late G2/M-phase [9], suggesting KIF18B knockdown might exert simi-
lar effects like vincristine to regulate cell cycle and to increase radio-
sensitivity of cells. In our study, we found that KIF18B knockdown
alone (without radiation) exerted an antiproliferative action on sar-
coma cells, but not induced apoptosis of cells. The phenomon might
also be due to cell-cycle arrest, which was similar with the results by
Hua Wang and CorachanA [33,34]. We cannot rule out the possibility
that more than one mechanisms contribute to KIF18B knockdown-
mediated radiosensitization, and we will explore the mechanisms in-
depth in future research.

Additionally, we explored the association between DEGs and the
survival of patients undergoing chemotherapy based on TCGA data-
base. The results showed that KIF18B expression was not related to
prognosis of chemotherapy patients (Fig. S6), indicating that KIF18B
knockdown might not improve chemosensitivity of sarcoma. A possi-
ble explanation for this might be that chemosensitivity and radiosen-
sitivity are affected through different DNA damage response (DDR)
paths. For example, ionizing radiation (IR) directly induces double-
strand breaks (DSB), while many chemotherapeutic agents indirectly
induce DSBs via interfering DNA topoisomerases [35,36]. According

to the GSEA analysis, KIF18B functional enrichment was significantly
related to nucleotide excision repair (Fig. S7), which was directly
associated with DDR. Therefore, KIF18B knockdown might specifi-
cally affect radiosensitivity, instead of chemosensitivity. Our data
provided compelling evidence that KIF18B could be a viable target
from improving radiation therapy, and therefore, exploring new
drugs for inhibiting KIF18B could be useful.

We mined the high KIF18B expression (radioresistance)-sensitive
drug T09, based on the ICsq of different drugs in cell lines with differ-
ent KIF18B expression levels from GDSC. Liver X receptor agonist T09
was reported to exert synergies in the treatment of lung, colon, and
prostate cancer [37—-39]. Our study proved that T09 could sensitize
high-KIF18B expressing sarcoma cells to radiotherapy, whereas it did
not exert additive radionsensitization in KIF18B-knockdown sarcoma
cells, indicating that the increased radiosensitivity by T09 might be
related to KIF18B. Previous studies reported the correlation between
radiosensitivity and LXR signaling. For example, LXR activation was
indirectly related to radioresistance on the head and neck squamous
cell carcinomas cell line SCC-61 [40] and radiosensitization linked to
LXR inactivation or deficiency in irradiated macrophages [41]. These
results are not consistent with our study. We demonstrated that LXR
agonist TO9 could effectively increase the radiosensitivity of KIF18B
high-expressing sarcoma cells. These results suggested that the
radiosensitization effect of T09 could not correlate with LXR activa-
tion. Another possibility is that the difference might be caused by
heterogenous KIF18B expression in cells or the different cell of origin
in cancer or sarcoma. There is no published study reporting any cor-
relation between LXR signaling and KIF18B, or even KIF family. Con-
versely, if TO9 increased radiosensitivity through other pathways
rather than KIF18B, T09 and sh-KIF18B would exert an additive
action, the radiotherapy of the T09+sh-KIF18B group should be more
effective than that of the sh-KIF18B group. However, the radiosensi-
tivity of the T09+sh-KIF18B group was similar to that of the sh-
KIF18B group, indicating that T09 could not exert additive radiosensi-
tization in sarcoma cells with sh-KIF18B (Fig. S8). Therefore, we spec-
ulated that T09 improved the curative effect of radiotherapy via
affecting KIF18B. According to our analysis, T09 could affect KIF18B
in either of the following ways: direct regulation of KIF18B expres-
sion or function; indirect regulation of upstream signal of KIF18B to
affect KIF18B expression. Our study found that the expression of
KIF18B in TO9 group was not suppressed compared with the drug-
free group at 8 Gy (Fig. 6f), indicating that T09 could not influence
the expression of KIF18B directly or influence it indirectly via regula-
tion of upstream signals. Therefore, we speculated that TO9 might
affect the function of KIF18B. Drugs might affect the function of pro-
teins or interfere with their activity through direct binding to protein
functional domains. However, no specific binding domain of KIF18B
has yet been described as there are few studies on them. In this study,
the crystal structure of KIF18B was simulated by MOE, and the results
indicated that TO9 might bind KIF18B through 267Ser, 269Arg,
304Lys, 349Asn, and 352Lys to interfere KIF18B.

We analysed the efficacy and preliminary safety of radiotherapy
combined with T09 or KIF18B knockdown in vivo. The inhibition of
KIF18B induced a robust and long-lasting radiation response, elimi-
nating tumour growth and extending survival time in a subcutaneous
xenograft model. T0O9 was also been shown to increase the radiosen-
sitivity of sarcoma in vivo. Furthermore, post-treatment measure-
ments of these tumour tissues, including proliferation and apoptosis,
were consistent with the results in vitro. Implanting the tumour at
the orthotopic site, or site corresponding to the original tumour in
the patient, makes it behave more similar to the original tumour in
patients. Besides, intratibial injection offers the ability to study ortho-
topic tumour growth in bone microenvironment [42]. Therefore, an
orthotopic model is especially appropriate concerning radiotherapy.
The results of this orthotopic tumour model showed that KIF18B-
based therapy could increase the sarcoma radiosensitivity, which is
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consistent with the subcutaneous xenograft model. Some studies
used the patient-derived orthotopic xenograft (PDOX) model that
showed more sarcoma-like behaviours and deeper invasion [43,44],
which give us a hint of potential research directions in the future. In
addition, we found that the combination of radiotherapy with KIF18B
knockdown could inhibit tumour growth, but it could not induce
tumour stasis. Tumour-bearing mice would reach the terminal criteria
from 36 to 47 days. This might because the time point of radiotherapy
mainly focused on early stage (from Day 10 to Day 13), and the remain-
ing tumour cells might continue to proliferate. Meanwhile, resistance
of xenograft to the combination of TO9 and radiotherapy could not be
ruled out. Nevertheless, the survival time was significant elongated in
sh-KIF18B+8 Gy group, further research will be carried out.

We preliminarily investigated the safety of KIF18B-based therapy.
No significant apoptosis was found in sarcoma cells treated with sh-
KIF18B at 0Gy, and the results of the bioinformatics analysis and
immunohistochemistry showed that KIF18B has almost no expres-
sion in most normal tissues (Fig. S9). This suggested that decrease of
KIF18B might not cause apoptosis and other side effects, and hence
KIF18B might be a useful therapeutic target for radiosensitization in
sarcoma. Moreover, there was no detectable weight loss and no
abnormal changes of biochemical indexes (ALT, AST, CRE, UA) and
organ pathology in both T09 (+) and T09 (-) groups, indicating that
T09 had nearly no toxicity in these mouse models. Additionally,
KIF18B-based therapy radiosensitization might play a role in reduc-
ing radiation exposure dose during radiotherapy. Our results pro-
vided hope for the clinical application, and we will further explore
the value of TO9 in the radiosensitization of sarcoma.

In summary, based on bioinformatics methods integrating GEO
microarray data and RNAseq from TCGA database, we identified that
KIF18B was overexpressed in multiple sarcoma subtypes and was
associated with poor prognosis of sarcoma patients. We confirmed
that high KIF18B expression was related to sarcoma radiation resis-
tance, which indicated that KIF18B could be used as a predictive bio-
marker to evaluate the radiotherapy efficacy and as a potential
therapeutic target in sarcoma patients. Meanwhile, the knockdown
of KIF18B or using T09 to target KIF18B could significantly enhance
radiosensitivity of sarcoma cells, and could also improve tumour sen-
sitivity to radiotherapy in subcutaneous and orthotopic xenograft
models. The mechanism of radiosensitization of T09might be related
to that TO9 interfering with the functional region of KIF18B.

These results indicated that sarcomas with low expression of
KIF18B may benefit from radiotherapy, and the radiosensitivity of
sarcoma with high KIF18B expression could be effectively improved
by silencing KIF18B or using T09, which may be a window for over-
coming radioresistance and provide potential strategies for radiosen-
sitization of sarcoma.
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