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Enrichment of Wee1/CDC2 and NF-kB Signaling Pathway Constituents Mutually
Contributes to CDDP Resistance in Human Osteosarcoma
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Purpose Osteosarcoma (0S) universally exhibits heterogeneity and cisplatin (CDDP) resistance. Although the Weel/CDC2 and
nuclear factor kB (NF-kB) pathways were reported to show abnormal activation in some tumor cells with CDDP resistance, whether
there is any concrete connection is currently unclear. We explored it in human OS cells.

Materials and Methods Multiple OS cell lines were exposed to a Weel inhibitor (AZD1775) and CDDP to assess the half-maximal
inhibitory concentration values. Western blot, coimmunoprecipitation, confocal immunofluorescence, cell cycle, and Cell Counting
Kit-8assays were performed to explore the connection between the Weel/CDC2 and NF-kB pathways and their subsequent physi-
ological contribution to CDDP resistance. Finally, CDDP-resistant PDX-OS xenograft models were established to confirm that AZD1775
restores the antitumor effects of CDDP.

Results A sensitivity hierarchy of OS cells to CDDP and AZD1775 exists. In the highly CDDP-tolerant cell lines, Weel and RelA were
physically crosslinked, which resulted in increased abundance of phosphorylated CDC2 (Y15) and RelA (S536) and consequent mod-
ulation of cell cycle progression, survival, and proliferation. Weel inhibition restored the effects of CDDP on these processes in CDDP-
resistant OS cells. In addition, animal experiments with CDDP-resistant PDX-0S cells showed that AZD1775 combined with CDDP not
only restored CDDP efficacy but also amplified AZD1775 in inhibiting tumor growth and prolonged the median survival of the mice.
Conclusion Simultaneous enrichment of molecules in the Wee1/CDC2 and NF-kB pathways and their consequent coactivation is a
new molecular mechanism of CDDP resistance in OS cells. OS with this molecular signature may respond well to Weel inhibition as
an alternative treatment strategy.
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extensive genetic heterogeneity in OS [3], and drug resist-
ance often develops during CDDP treatment; however, how
this affects CDDP resistance in OS is not yet clear [1,4].

Introduction

Osteosarcoma (OS) mostly occurs in adolescents. Although

there is evidence that neoadjuvant chemotherapy combined
with surgery can extend the lifespan of OS patients, the five-
year survival rate has not improved significantly in the last
three decades [1], which may be associated with chemothera-
py drug resistance and heterogeneity in gene expression pat-
terns in tumors [2]. Cisplatin (CDDP), which is a drug that
induces DNA damage, is one of the standard neoadjuvant
chemotherapy drugs for treating OS [1]. However, there is

Nuclear factor kB (NF-kB) is involved in the early stress
response to cellular DNA damage, and tumor necrosis fac-
tor o (TNFa) is an activator of the classical NF-xB pathway
[5]. After TNFa stimulation, IkB kinases (IKKs), such as IKKa.
and IKKS, are first activated in cells. IKKs degrade intracellu-
lar IxB, thus releasing NF-kB molecules such as RelA, which
are phosphorylated at 5536, and this allows RelA to enter the
nucleus [5], bind to genes at corresponding binding sites,
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and initiate the transcription of downstream genes, such as
CCND1 and Bdl-2, to regulate cell cycle progression, prolif-
eration, and survival [6]. CCND1 is an oncogene and G1/S
transition-specific cyclin, and elevated expression of this
gene contributes to cell cycle progression and proliferation
[7]. Bcl-2 is also an oncogene with an antiapoptotic function
that can enhance the resistance of tumor cells to DNA-dam-
aging drugs such as CDDP and inhibit the apoptotic effect
caused by most chemotherapy drugs [8]. Caspase-3 is the
main activating terminal splicing enzyme in the process of
apoptosis and can be blocked by Bcl-2 [7]. Poly(ADP-ribose)
polymerase (PARP) is a DNA repair enzyme that plays an
important role in resisting DNA damage and apoptosis [9].
PARP can be cleaved into two PARP fragments by caspase-3
and become inactivated, resulting in failed DNA repair and
consequent cell death [10]. However, all the above studies
have shown that the abundance of proteins in the NF-«xB
signaling pathway varies greatly among tumor cells.

Studies have shown that, like NF-kB signaling pathway
molecules, Weel is involved in the CDDP resistance of OS
cells [10-12]. Weel, as a key kinase of cell mitotic monitor-
ing, phosphorylates CDC2 at Y15, inhibits cyclin-depend-
ent kinase activity, and blocks cell entry into mitosis [13].
AZD1775, which is an agent currently in early clinical trials,
is a Weel-specific small-molecule inhibitor [10], and its clini-
cal therapeutic effect varies due to tumor heterogeneity and
different levels of Weel expression.

The heterogeneity of tumor gene function is due to the dif-
ferential expression levels of genes, including high or low
expression levels, gene mutations, gene fusion, etc. [14]. At
the cellular level, this heterogeneity affects cell malignancy
and cancer development, cell cycle progression, prolifera-
tion, apoptosis, drug resistance, etc. Based on research on
other tumors, the results for one genotype of OS are difficult
to replicate in other genotypes because of tumor gene hetero-
geneity [1]. The patient-derived xenograft (PDX) OS model
is a new preclinical model of tumors in which tumor tissue
from a patient is xenografted into immunodeficient mice to
generate tumor clones in an in vivo model [15]. This preserves
not only the molecular phenotype and genotype of the tumor
itself but also its pathological differentiation and tumor het-
erogeneity [15,16]. Currently, the PDX model is an effective
way to research heterogeneous OS expression [15-17].

Whether NF-kB signaling pathway molecules and the
Weel/CDC2 axis interact with each other and are involved
in CDDP resistance in OS is still unclear. Here, we report
that mutual activation of the NF-xB and Weel/CDC2 sign-
aling pathways is involved in CDDP tolerance in OS based
on the high abundance of protein expression of pathway
constituents. Weel inhibition restored the sensitivity of OS
to CDDP, inhibited OS cell proliferation, prevented PDX-OS
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tumor growth, and prolonged the median survival of PDX
mice. Therefore, these studies demonstrate a novel molecular
mechanism of CDDP tolerance in OS cells, and Weel may be
a potential therapeutic target for CDDP-resistant OS.

Materials and Methods

1. Acquisition of primary cells and the culture and passage
of PDX-OS cells

1) Acquisition of human OS tissue

Referring to the aforementioned literature [17], fresh OS
specimens (including CDDP-resistant and nonresistant OS)
were collected from patients in Shaoguan Hospital, the Third
Affiliated Hospital of Southern Medical University, Guang-
dong Provincial People’s Hospital.

2) Primary PDX-OS cell acquisition, culture, and passage

(1) Three pieces of OS tissue approximately 1 cm® in size
were obtained from OS patients during surgery and
were immediately placed in a sterile container filled
with ice-cold sterile saline and maintained on ice.
After cleaning, the samples were placed in a 15-mL ster-
ile centrifuge tube filled with 6 mL medium and trans-
ferred on ice to the laboratory for further preparation.

(2) The OS tissue blocks were cut into pieces 2 mm? in
volume with sterile shears and then cleaned with ster-
ile phosphate buffered saline (PBS) before they were
trimmed into fragments with sterile shears and then
rinsed with PBS until the liquid was clear and free of
turbidity and oil droplets.

(3) OS tissue samples were transferred into 3 mL serum-
free culture medium containing 1 mg/mL collagen
hydrolase and enzymolyzed in a water bath at 37°C for
30 minutes.

(4) After enzymolysis, 3 mL medium containing 10% fetal
bovine serum (FBS) was added to neutralize the remai-
ning collagen hydrolase activity. The samples were cen-
trifuged for 5 minutes at room temperature at 350 xg,
and the supernatant was discarded. This centrifugation
procedure was repeated twice.

(5) Cell pellets obtained after the final centrifugation were
resuspended in PBS, counted and then added to a
T25 cell culture flask containing culture medium. The
medium was changed every 2 to 3 days or when the
medium color changed. Cells that underwent ampli-
fied growth were passaged and stored. The PDX-OS1
and PD-OX2 lines were derived from OS tissue with an
excellent response to neoadjuvant chemotherapy, and
the PDX-OS3 line was derived from CDDP chemother-
apy-resistant OS tissue.
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(6) All cell experiments were conducted within 10 passages
after primary cell harvest. PDX-OS1 and PDX-OS2 cells
were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen, Carlsbad, CA) supplemented with 10%
FBS and 1% penicillin and streptomycin. The incuba-
tor was set at 37°C and 5% CO,. PDX-OS3 cells were
cultured under pressure using the same medium with
5 uM CDDP.

3) Conventional human OS cell and UM-SCC cell culture

The conventional human OS cell lines Saos2, U20S, and
MG63 were obtained from ATCC (Shanghai, China). Saos2
cells were cultured in McCoy’s 5A medium (16600-082,
Gibco, NY), whereas U20S and MG63 cells were cultured
in Eagle’s essential medium (30-2003, Gibco), with 10%
FBS (35-076-CV, Corning, Corning, NY) and 1% penicillin
and streptomycin added to both media. The incubator was
set at 37°C and 5% CO,, and the medium was changed as
needed. UM-SCC1, UM-SCC46, and UM-SCC47 (the squa-
mous cell lines referenced in Lu et al. [18]) were obtained
from the University of Michigan, USA and were cultured in
McCoy’s 5A medium (Thermo Fisher Scientific, Waltham,
MA) or Dulbecco’s modified Eagle’s medium (Thermo
Fisher Scientific) with 10% FBS and 1% penicillin and strep-
tomycin. The process of culture and passage was the same
as before, and the cells used for each experiment were pas-
saged no more than 15 times. These media were purchased
via Runchen Biotechnology Co., Ltd. (Guangzhou, China).

4) Chemical reagents, drug treatment, and corresponding

antibodies

Cells were seeded at 60%-70% density 24 hours before
treatment. The chemotherapeutic drug CDDP (51525, Selleck
Chemical, Houston, TX) was prepared with fresh cell medi-
um or PBS at the appropriate concentration as required. The
Weel small-molecule specific inhibitor AZD1775 (S1166, Sell-
eck Chemical) was diluted to 5 pg/mL in cell medium. Noco-
dazole (938459-18-8, Sigma, St. Louis, MO), which is a drug
that arrests cells in G2 phase of the cell cycle, was prepared at
100 ng/mL in PBS. Human TNFa (10 pg/mL) was obtained
from Guangzhou Jisai Biotechnology Co., Ltd. (Guangzhou,
China). The primary antibodies used in this study targeted
the following proteins: Weel (95 kD, #5285, Santa Cruz
Biotechnology, Inc.), CDC2 (34 kD, #9116S, Cell Signaling
Technology, Inc., Danvers, MA), pCDC2Y15 (34 kD, #8242S,
Cell Signaling Technology, Inc.), IKKa (85 kD, #1930S, Cell
Signaling Technology, Inc.), IKKp (87 kD, #8943, Cell Sign-
aling Technology, Inc.), RelA (65 kD, #8242S, Cell Signaling
Technology, Inc.), pRelAS536 (65 kD, #3033S, Cell Signaling
Technology, Inc.), IkB (39 kD, #9247, Cell Signaling Technol-
ogy, Inc.), cyclin D1 (36 kD, #2922, Cell Signaling Technol-

ogy, Inc.), Bcl-2 (26 kD, #15071, Cell Signaling Technology,
Inc.), PARP (116 kD, #9532, Cell Signaling Technology, Inc.),
cleaved caspase-3 (17 kD, #9662, Cell Signaling Technology,
Inc.), and B-actin (42 kD, #ab8226, Abcam, Inc., MA). The sec-
ondary antibodies anti-rabbit-594 (z{-0416, zsgbbio, Beijing,
China) and anti-mouse-488 (zf-0412, zsgbbio) were selected
based on the species of the primary antibody. The concen-
tration of the B-actin antibody and secondary antibody was
1:2,000, and the concentration of other primary antibodies
was 1:500. These reagents, drugs, and corresponding anti-
bodies were purchased via Runchen Biotechnology Co., Ltd.

5) Cell transfection

Weel-specific small interfering RNA (si-Weel) and nega-
tive control siRNA were purchased from Gisai Biotech-
nology Co., Ltd. (Guangzhou, China). Twenty-four hours
before the experiment, 200 pmoL si-Weel and an appropriate
expression vector (20 pg Flag-pcDNA3-Weel, Guangzhou
Jisai Biotechnology Co., Ltd.) were transfected into cells
using Lipofectamine 2000 transfection reagent (Thermo Fish-
er Scientific) according to the manufacturer’s instructions
[19]. Blank flag-pc-DNA3 (Thermo Fisher Scientific) and con-
trol siRNA (contr-si) were used as controls. The transfection
efficiency was verified by western blot analysis.

2. Cell toxicity and proliferation assay

A Cell Counting Kit-8 (CCK-8) cell viability kit (Dojindo
Molecular Technologies, Dojindo, Japan) was used to meas-
ure cell proliferation. OS cells or UM-SCC cells were seeded
into 96-well plates at 5,000 cells per well. The cells were cul-
tured for 24 hours, and the time was set to day 0. Cells were
treated with different concentrations of either AZD1775 or
cisplatin alone. The optical density (OD) values were meas-
ured on day 0, day 1, day 3, and day 5, at which point 10 uL
CCK-8 staining solution was added to each well and incu-
bated at 37°C for 2 hours. A multimode microplate reader
(Synergy2, BioTek, Winooski, VT) was used to read the OD
value at 450 nm. Each sample had six replicates, and the data
were calculated and are expressed as the mean plus standard
deviation (SD). Inhibitory rates were calculated by Microsoft
Excel, and the half-maximal inhibitory concentration (ICs)
values were calculated using PRIM 5.0 software (Mersenne
Research, Inc., CA).

3. Western blot

Western blot assays were performed with the correspond-
ing antibodies, and the experimental procedures are descri-
bed in the abovementioned literature [20]. Briefly, the cells
were transfected at 60%-70% confluency, and the blank vec-
tor was used as a control. After the cells were cultured for 24
hours, the cells were lysed with sodium dodecyl sulfate lysis
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buffer, and the protein concentration in the cell lysates was
determined. Twenty-five micrograms of lysates were taken
from each sample and denatured in a water bath at 95°C
before sample loading. The samples were blocked in Odys-
sey blocking buffer for 1 hour and incubated overnight with
the corresponding primary antibody at 4°C. Then, the sec-
ondary antibody was incubated at room temperature for 1
hour, and the signals were visualized by Li-COR Biosciences
(Lincoln, NE). All protein bands were standardized to that
of B-actin.

4. Coimmunoprecipitation assay

The antibodies used in the coimmunoprecipitation (co-IP)
experiment are described above. According to the instruc-
tions, the co-IP assay was performed using a Dynabead
coimmunoprecipitation kit (Thermo Fisher Scientific) [20].
In short, whole-cell lysates were obtained using lysis buffer
containing a protease inhibitor mixture (of 10 pL/mL). Then,
500 ug of whole-cell lysate was incubated with the prepared
Dynabeads at a final concentration of 1:10 antibody and cul-
tured overnight at 4°C. The antibodies and beads were then
separated by magnetic column precipitation. The IP complex
was disrupted by incubating on a heating block at 95°C for
5 minutes. The pulled-down proteins were electrophoresed
on the prefabricated gel and analyzed by western blot (as
described above). Nonimmunized rabbit IgG or mouse IgG
was used as a negative control.

5. Confocal immunofluorescence assay

The experimental procedures are shown in the aforemen-
tioned literature [20]. OS cells (2x10*/well) were seeded
into chamber slides (BD Biosciences, San Jose, CA). The
cells were placed in a cell incubator and allowed to adhere
to the surface. After 24 hours of drug treatment, the medi-
um was removed, and the slides were sealed, blocked, and
incubated overnight with primary antibody. The next day,
the cells were cleaned and treated with DAPI in the dark.
Images were taken under an LSM 780 confocal microscope.

6. Cell cycle assay

A cell cycle detection kit (Nanjing Kegan Biotechnology
Co., Ltd., Nanjing, China) was used to detect cell cycle pro-
gression according to the manufacturer’s instructions [20].
Briefly, OS cells were placed in a 12-cm cell culture dish
and cultured in a CO; incubator at 37°C for 24 hours. The
medium was then replaced with fresh medium containing
AZD1775 (1 uM), CDDP (5 uM), and/or TNFa (10 ng/mL)
for 24 hours. Cells were then dissociated by trypsin, washed,
harvested, and fixed with 70% ethanol, and cell cycle analysis
was performed with propidium iodide staining. The samples
were analyzed by flow cytometry (BD Biosciences). FlowJo
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9.3.0 software (TreeStar Inc., Ashland, OR) was used to calcu-
late the percentage of cells in different stages of the cell cycle.
Cells were grown in fresh medium containing DMSO (0.1%)
as a control.

7. Animal experiments

Female BALB/c mice aged 5 weeks were purchased from
the animal department of the Southern Medical University
of China. All mice were raised in animal facilities approved
by Southern Medical University in accordance with the
guidelines of the Animal Experiment Center of the South-
ern Medical University of China. In brief, 2 mm?® PDX-OS3
tissue blocks were injected under the proximal axilla of the
right forelimb of mice. When the xenograft on the right side
reached approximately 350 mm?® in volume, the mice were
treated (5 grafts per treatment group). Animals were intra-
peritoneally injected with CDDP (5 mg/kg in 0.9% isotonic
saline solution once a week) and AZD1775 (50 mg/kg, oral
gavage, twice a week) either alone or in combination. All
drugs were prepared for 3 weeks of use. The mice in the
control group only received the vehicle. The tumor volume
(mm®) and weight were measured. The volume was calcu-
lated with the formula V=1/2LxW?2.

8. Statistical methods

The data collected in the study were analyzed by SPSS ver.
19.0 software (IBM Corp., Armonk, NY). Each sample was
analyzed in triplicate or sextuplicate. Data are expressed as
the mean+SD. Two-tailed t tests or chi-square tests were used
to compare the differences between two groups. Differences
among three or more groups were compared using one-way
analysis of variance (ANOVA) combined with Dunnett’s post
hoc test, repeated-measurements ANOVA or the chi-square
test. The difference was statistically significant when p < 0.05.

Results

1. Heterogeneity of the expression of Weel/CDC2 and
NF-xB signaling pathway molecules exists and is affected
by the antitumor drug CDDP in tumor cells with variable
ICs values of AZD1775 and CDDP

As mentioned previously, studies have shown that Weel
[10,13] and NF-kB signaling pathway molecules [6,11] are
involved in the CDDP drug response in OS cells. In this study,
western blotting was used to detect the expression heteroge-
neity of proteins related to NF-kB and Weel /CDC2 signaling
(e.g., IKKa, IKKB, IkB, and RelA) in a variety of tumor cells,
including conventional OS cells such as Saos2, U20S, and
MG63, and in the head and neck squamous cell carcinoma
cell lines UM-SCC1, UM-SCC46, and UM-SCC47 under basal
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Table 1. The inhibitory potentials of cisplatin (CDDP) and AZD-
1775 on the viability of tumor cells

Compound/ICs,

Cell

CDDP (uM) AZD1775 (nM)
MG63 7.873+0.161 202.156+9.379
U20S 10.793+0.097 222.327+11.278
Saos2 15.643+0.193 297.478+17.378
PDX-0S1 16.215+0.203 237.891+27.889
PDX-0S2 21.71240.172 245.791+23.475
PDS-OS3 49.219+0.618 301.256+19.578
UM-SCC1 5.61240.713 267.452+20.313
UM-5CC47 15.331+0.122 361.722+15.622
UM-SCC46 17.231+0.211 372.125+17.236

Cells were seeded into 96-well plates at 5,000 cells per well. Each
sample had six replicates, and the data were calculated and are
expressed as the mean plus standard deviation (X+SD). Inhibi-
tory rates were calculated by Microsoft Excel, and the half-maxi-
mal inhibitory concentration (ICs) values were calculated using
PRIM 5.0 software.

culture and after CDDP treatment (Fig. 1A and B). Western
blot assay results showed that the abundance of Weel and
CDC2 proteins in the conventional OS cell lines under basal
culture showed significant differences, and the descending
order in cells was Saos2, U20S, and MG63. In addition, there
were also significant differences in the expression patterns in
head and neck squamous carcinoma cells (UM-SCC1 < UM-
SCC47 < UM-SCC46). The NF-«B signaling proteins IKKa,
IKKB, IkB, and RelA were heterogeneously expressed in the
above tumor cell lines, and the same tumor cell lines with the
highest abundance of Weel and CDC2 also had the highest
abundance of these four proteins. Interestingly, the protein
levels of Weel, CDC2, IKKa, IKKp, and RelA were increased
and that of IkB was decreased after CDDP treatment for 6
hours in OS cells and head and neck squamous carcinoma
cells.

The ICs of a drug represents the capacity of cells to
endure continued exposure to the drug. Therefore, this
panel of tumor cells was treated with CDDP and the Weel-
specific small-molecule inhibitor AZD1775 to test their toler-
ance to these drugs (Table 1). First, the ICs value of CDDP
was higher in Saos2 cells than in U20S and MG63 cells
(15.643£0.193 uM, 10.793+0.097 pM, and 7.873+0.161 uM,
respectively). Second, the ICs values of CDDP in the head
and neck squamous carcinoma cell lines UM-SCC1, UM-
SCC46, and UM-SCC47 were 5.612+0.713 pM, 15.331+0.122
uM, and 17.231+0.211 pM, respectively. Similarly, the ICs
value of AZD1775 in these panel tumor cells showed the
same trend as that of CDDP. In conventional OS cell lines,
Saos2 > U20S > MG63 was observed (297.478+17.378 nM,
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222.327+11.278 nM, and 202.156+9.379 nM, respectively). In
the head and neck squamous carcinoma cell lines UM-SCC1,
UM-SCC47, and UM-SCC46, the ICs values also increased
successively (267.452+20.313 nM, 361.722+15.622 nM, and
372.125+17.236 nM, respectively) (Table 1).

Considering the heterogeneity of cancer, the above experi-
ments were also repeated on three PDX-derived OS cell lines,
PDX-0S1, PDX-0S2, and PDX-0S3. PDX-0S1 and PDX-OS2
were derived from patients with surgically resected OS who
showed an excellent response to neoadjuvant chemotherapy,
and PDX-0S3 was derived from OS cells of patients with
CDDP-resistant OS. The results showed that IKKo, IKKB,
IkB, and RelA were heterogeneously expressed in the three
PDX-OS cell lines, and the abundance of these four proteins
was consistently the highest in PDX-OS3 cells (Fig. 1C). In
addition, similar to commercially available tumor cell lines,
the abundance of Weel, IKKa, IKKB, and RelA proteins was
increased and that of IxB was decreased after 6 hours of treat-
ment with CDDP. In addition, the ICs values of CDDP and
AZD1775 in PDX-0S1, PDX-0S2, and PDX-OS3 cells were
9.215+0.203 pM, 11.71240.172 pM, 49.219+0.618 uM, and
237.891+27.88 nM, 245.791+23.475 nM, and 301.256+19.578
nM, respectively.

In summary, the above experimental data indicated that
in conventional OS cells, Saos2 cells were more resistant
to CDDP than U20S and MG63 cells. PDX-OS3, similar to
Saos2 cells, was derived from OS tissue from a patient in
whom multiple chemotherapeutic agents had failed, includ-
ing CDDP, and showed stronger resistance to CDDP than
PDX-0S1 or PDX-0S2. In addition, in these two groups of
OS cells, Weel, CDC2, and proteins in the NF-xB signaling
pathway were enriched and simultaneously affected by the
antitumor drug CDDP. Therefore, the Weel/CDC2 molecu-
lar axis and the NF-kB signaling pathway may have a key
relationship with CDDP efficacy or resistance.

2. High basal protein expression of the Weel/CDC2 axis
and NF-kB signaling pathway components was activated
under TNFo or CDDP treatment, and this activation was
abolished by Weel inhibition

Although CDDP affects the protein expression of Weel/
CDC2 and NF-kB signaling pathway molecules, it is not
known whether both are activated simultaneously. Activa-
tion of the NF-kB signaling pathway is an important step
that protects the survival of tumor cells under CDDP stress
[4]. The inflammatory factor TNFa is a key upstream mol-
ecule that activates the classical NF-kB pathway. The above
experiments showed that the levels of the IkB molecule in the
NF-«B signaling pathway decreased in OS cells treated with
CDDP, strongly suggesting that the NF-xB pathway may be
activated. Phosphorylation at S536 of RelA /NF-kB indicates
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that the NF-«B signaling pathway is activated. On the other
hand, previous studies have shown that Weel phosphoryl-
ates CDC2 at Y15, indicating that CDC2 is activated, leading
to the consequent transition of the cell cycle from G2 to M
phase [12]. In this study, TNFo was used as a positive con-
trol. The results of western blotting showed that in Saos2
(Fig. 2A) and PDX-0S3 (Fig. 2B) cells, compared with the
levels in basal culture, phosphorylation of RelA-S536 and
CDC2-Y15 increased significantly after TNFa treatment.
In addition, CDDP treatment or overexpression of Weel in
OS cells enhanced phosphorylation, but this effect was less
pronounced than that after TNFa treatment (Fig. 2A and B).
TNFa combined with overexpression of Weel treatment in
these cells had a cumulative effect. Similarly, TNFa combined
with CDDP increased the phosphorylation of RelA-S536 and
CDC2-Y15 compared with that in cells treated with CDDP
alone. However, AZD1775 treatment alone reduced both
CDC2-Y15 and RelA-S536 phosphorylation, and AZD1775
combined with TNFa or CDDP significantly reduced the
effect of increased CDC2-Y15 and RelA-5536 phosphoryla-
tion.

Consistent with previous studies, the above experimental
results show that TNFa can significantly activate the NF-«xB
signaling pathway in Saos2 and PDX-OS3 cells. Surpris-
ingly, TNFa also significantly activated the Weel/CDC2
molecular axis in OS cells. Increased Weel protein levels also
enhance activation of the NF-«B signaling pathway. Thus, the
activation of both the Weel /CDC2 molecular axis and NF-«kB
signaling pathway has a synergistic effect; in addition, the
results indicate that the activation of both the NF-kB signal-
ing pathway and the Weel/CDC2 molecular axis is involved
in the responses of Saos2 and PDX-OS3 cells to CDDP-
induced stress injury. Moreover, AZD1775 inhibited the
Weel/CDC2 molecular axis and simultaneously abolished
the effect of both TNFo and CDDP on the NF-«B signaling
pathway in OS cells. However, the basal levels of NF-«kB
signaling pathway proteins and Weel/CDC2 were low in
PDX-0S1 (Fig. 2C), U20S and MG63 (data not shown) OS
cells, and the expression of these molecules diminished in
the presence of CDDP. Correspondingly, the inhibitory effect
of AZD1775 on CDDP or TNFa was also significantly weak-
ened.

3. Physical binding of Weel to RelA in OS cells is modu-
lated by CDDP, and Weel modulates the translocation of
RelA into the nucleus

The above experiments show that CDDP can simultane-
ously activate the Weel/CDC2 molecular axis and NF-kB
signaling pathway in OS cells, especially when the proteins
in these pathways are enriched. Whether the interaction
between the Weel/CDC2 molecular axis and NF-kB signal-
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Fig. 3. The interaction between Weel and RelA, as indicated
by coimmunocipitation assays in osteosarcoma cells. Cells
were seeded at 1x10° in a 10 cm cell culture dish and cultured
for 48 hours. Cells were treated with different concentrations of
cisplatin (CDDP; 5, 15, and 45 pg/mL) for 6 hours when they
reached 70%-80% confluence and then harvested. Whole-cell
lysate was used as the positive control, and IgG was used as the
negative control. Protein quantification was performed after cell
lysis, and the corresponding immunoprecipitants were obtained
according to the method instructions, with 30 ug of immunopre-
cipitants per sample subjected to western blotting. In Saos2 cells
(A), Weel binding to RelA showed a CDDP dose-dependent
effect when treated with three different concentrations of CDDP.
This result was reproduced in PDX-0S3 (B) and U20S cells (C).
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Fig. 4. Weel affects the nuclear translocation of RelA in cisplatin (CDDP)-resistant osteosarcoma cells. In confocal immunofluores-
cence experiments, PDX-OS3 cells were seeded in a cell culture plate at 2x10% cultured for 48 hours, treated with CDDP (25 pug/mL)
for 6 hours when the cells reached 50%-60% confluence, and harvested. DMSO was used as a negative control. In PDX-OS3 cells, both
Weel (green) and RelA (red) fluorescence signals were enhanced in the CDDP treatment group compared to the control group (row 1).
Compared with the CDDP treatment group (row 2), the CDDP+AZD1775 group (row 3) showed Weel green signal distribution and
aggregation mainly in the cytoplasm, while the RelA red signals were congested in the periphery of the nucleus and surrounded by Weel
green signals. Furthermore, the RelA red signal in the nucleus was reduced. In addition, compared to the CDDP group, the CDDP+si-
Weel treatment group (row 4) showed that the Weel green signal was obviously reduced, while the RelA red signal was also congested
around the nucleus and was significantly reduced in the nucleus, which is consistent with the results from the CDDP+AZD1775 group.

Scale bars=20 pm.

ing pathway molecules is direct or indirect is still unknown.

Co-IP experiments in this study showed that in Saos2 (Fig.
3A), PDX-OS3 (Fig. 3B) and U20S (Fig. 3C) cells treated with
stepwise concentrations of CDDP (5, 15, and 45 pg/mL),
Weel and RelA physically interacted with each other in a
dose-dependent manner, especially in Saos2 and PDX-OS3
cells.

In addition, confocal immunofluorescence experiments in
PDX-0S3 cells (Fig. 4) showed that compared with the con-
trol group (Fig. 4, row 1), the CDDP treatment group showed
a stronger distribution of the red fluorescence signal of RelA
and the green fluorescence signal of Weel in cells in both
the cytoplasm and nucleus (Fig. 4, row 2). Interestingly, in
cells treated with CDDP and AZD1775 (Fig. 4, row 3), the
RelA red fluorescence signal was still mainly distributed in
the cytoplasm but was congested around the nucleus. The
Weel green fluorescence signal was diffusely distributed in
the cytoplasm, which was significantly different from the
pattern after CDDP treatment alone. Consistent with CDDP
combined with AZD1775 treatment, cells treated with CDDP
and siRNA-Weel showed obvious congestion of the RelA

red fluorescence signal around the nucleus (Fig. 4, row 4).

These experimental data indicate that upon CDDP treat-
ment, RelA in the NF-«B signaling pathway and Weel mol-
ecules aggregate, bind to each other and transactivate each
other in response to DNA damage stress. RelA is phospho-
rylated and translocates into the nucleus, which is assisted
and synergized by Weel. When AZD1775 inhibited Weel or
when siRNA was used to knock down Weel, RelA congre-
gated around the nucleus, but the nuclear translocation of
RelA was severely impeded.

4. Inhibition of Weel restores the effect of CDDP on cell
cycle progression, proliferation and survival in CDDP-
resistant OS cells

Nocodozale is a G2 phase inhibitor [21], and Weel is a
G2-M transitional checkpoint kinase. When AZD1775 inhib-
its Weel, cells accelerate the transition from G2 to M phase,
which can easily cause mitotic catastrophe and cell death
[10,12]. The results of the Saos2 cell cycle experiment in this
study showed that compared with the control group (Fig.
5A), the nocodozale treatment group had a significant reduc-
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Fig. 5. Inhibition of Weel restores the effects of cisplatin (CDDP) on cell cycle progression and survival in Saos2 cells. In the cell cycle
assays, Saos2 cells were seeded in a 10 cm cell culture dish at 1x10° and cultured for 48 hours. Cells were treated with si-Weel transfection
or CDDP, nocodozale, tumor necrosis factor o (TNFa) and other treatments for 24 hours when the cells reached 70%-80% confluence, after
which they were harvested. Vehicle treatment was used as a negative control (A), and the cell cycle G2 inhibitor nocodozale was used as
a positive control (B). The proportion of G1 phase cells in the nocodozale treatment group was significantly decreased, while the propor-
tion of G2 phase cells was significantly increased (p < 0.01). Compared with the negative control group, there was no significant difference
in the proportion of cells in the different phases in the CDDP (C) or TNFa groups (D). Compared with the negative control and positive
control groups, the proportion of cells in G2 and sub-G0 phases (cells dying after mitotic catastrophes) and the proportion of cells in G1
phase in the AZD1775 group (E) and siRNA-Weel group (F) were significantly increased, whereas the proportion of G1 phase cells was

significantly decreased (p < 0.01). (Continued to the next page)
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Fig. 5. (Continued from the previous page) Compared with the
TNFa treatment group (D), the AZD1775+TNFa treatment
group (G) showed an increased proportion of G2 phase cells
but a significant decrease in the proportion of sub-G0 phase
cells (p < 0.01). Compared with the CDDP treatment group, the
AZD1775+CDDP group (H) and siRNA-Weel+CDDP group (I)
showed significant decreases in the proportion of G1 phase cells
(p < 0.01) and significant increases in the proportion of sub-G0
cell fragments (p < 0.01).

tion in the proportion of G0/G1 phase cells (Fig. 5B) and a
significant increase in the proportion of G2/M phase cells.
In the group treated with CDDP alone (Fig. 5C) or TNFa
alone (Fig. 5D), the ratio of cells in each phase did not sig-
nificantly change. However, in the AZD1775 (Fig. 5E) and
Weel-specific siRNA treatment groups (Fig. 5F), the propor-
tion of cells in GO/G1 phase decreased, and the proportions
of cells in G2/M and sub-GO0 (cell debris, non-G0/G1, non-
G2/M) phases significantly increased. In the group treated
with TNFa in combination with Weel inhibition (Fig. 5G),
there was no obvious effect on the ratio of cells in the differ-
ent phases. However, in the CDDP treatment combined with
Weel inhibition (by AZD1775 or siRNA treatment), the ratio
of G0/G1 phase cells was significantly reduced, the ratio of
G2/M phase cells was significantly increased, and the ratio
of sub-GO0 phase cells was the most significantly increased
(Fig. 5H and I).

The above experimental data show that nocodozale, as a
positive control, can indeed arrest Saos2 OS cells in G2 phase.
However, unlike nocodozale, the inhibition of Weel causes
the cell to lose the protection of the cell cycle checkpoint,
which subsequently leads to the acceleration of the transition
of cells into mitosis without protection and results in cata-
strophic mitotic damage. Obviously, in the TNFa treatment
group, the mitotic disasters of the cells were reduced, which
supported that TNFa has a protective effect on Saos2 cell
cycle progression. Therefore, similar to TNFa, Weel exhibits
a protective effect on Saos2 cells. Although Saos2 cells have
a certain tolerance to CDDP, as indicated by the CDDP treat-
ment group, Saos2 cells did not significantly exhibit changes
in cell cycle progression. In the group with Weel inhibition
combined with CDDP treatment (in which Saos2 cells lost
Weel protection), a large number of cells underwent mitotic
catastrophe events.

Cell proliferation experimental data showed that in Saos2
cells (Fig. 6A), the proliferation after CDDP or TNFa treat-
ment was not significantly different from that after control
treatment. The proliferation of AZD1775 and si-Weel treat-
ment groups was significantly higher than that of the con-
trol group. The proliferation of the AZD1775 combined with
TNFa treatment group was significantly inhibited compared
with that of the TNFo treatment group, but there was no
significant difference in cell proliferation compared with
that of the AZD1775 treatment group. Clearly, in the CDDP
combined with AZD1775 and CDDP combined with si-Weel
groups, cell proliferation was the most significantly inhibit-
ed. In PDX-OS3 cells (Fig. 6B), the results of cell proliferation
experiments were essentially similar to those of Saos2 cells.

The above cell cycle assays show that Saos2 cell cycle
progression has a certain tolerance to CDDP. Additional
proliferation assays showed that PDX-OS3 cells had simi-
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Fig. 6. Inhibition of Weel restores the effects of cisplatin (CDDP) on cell proliferation and activation of cell death-related molecular path-
ways in osteosarcoma cells with high tolerance to CDDP. In the Saos2 cell proliferation experiment (A), there was no significant difference
in the cell optical density (OD) value between the tumor necrosis factor o (TNFa) and CDDP treatment groups and the control group.
Compared with the control and CDDP treatment groups, the AZD1775 treatment and siRNA-Wee1 treatment groups showed significantly
smaller OD values (p < 0.05). Compared with the TNFa group, the AZD1775+TNFa group also showed significantly lower OD values
(p < 0.05). Compared with the CDDP treatment group, the CDDP+AZD1775 treatment group and CDDP+si-Weel treatment group both
had the most significant decreases in OD values (p < 0.01). In the PDX-OS3 cell proliferation experiment (B), similar to those in Saos2 cells,
the OD value was significantly lower in the AZD1775 and siRNA-Weel treatment groups than in the control group (p < 0.05) and was sig-
nificantly lower in the AZD1775+TNFa treatment group than in the TNFa treatment group (p < 0.05). Compared with the CDDP treatment
group, the CDDP+AZD1775 treatment group and CDDP+si-Weel treatment group both had the most significant decreases in the OD value
(p < 0.01). In the Saos2 western blot assay (C), compared with the control group, the CDDP treatment group showed a significant increase
in the levels of the NF-kB downstream molecules Bcl-2 and CCNDI1 (p < 0.05), while the differences in the expression of the apoptosis-
related proteins cleaved poly(ADP-ribose) polymerase (PARP) and cleaved caspase-3 were not statistically significant. Compared with
the control group, the AZD1775 or siRNA-Weel treatment group showed significantly lower Bcl-2 and CCND1 expression levels (p <
0.05) and significantly higher cleaved PARP and cleaved caspase-3 levels (p < 0.05). Moreover, Bcl-2 and CCND1 levels were significantly
decreased in the CDDP+AZD1775 group and CDDP+si-Weel group (p < 0.01), which were accompanied by simultaneous increases in the
apoptosis-related proteins cleaved PARP and cleaved caspase-3 (p < 0.01). In PDX-OS3 cells (D), consistent with the results in Saos2 cells,
Weel inhibition treatment significantly decreased Bcl-2 and CCND1 expression and simultaneously increased cleaved PARP and cleaved
caspase-3 levels, especially in the CDDP combined with Weel inhibition group.
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Fig. 7. AZD1775 combined with cisplatin (CDDP) treatment enhanced and restored the therapeutic effect of CDDE, resulting in an
extended median survival of the host. PDX-OS3 cells were transplanted into female nude mice and grown for 4 weeks, and the mice were
randomly divided into four groups (5 mice per group) (A-D). CDDP 5 mg/kg was intraperitoneally injected once a week, and AZD1775 50
mg/kg was intragastrically administered twice a week for 3 weeks (E). Tumor volume changes were recorded regularly (F), and survival
analysis was performed (G). Compared with the control group (A), the CDDP treatment group (B) showed a slightly decreased tumor
volume, but the difference was not significant (p > 0.05). However, the tumor volume was significantly decreased in the CDDP+AZD775
group (C) (p < 0.01). The tumor volume was also significantly reduced in the AZD1775 treatment alone group (D) compared with the
control group or CDDP treatment group (p < 0.05). The median survival of mice in the control, CDDP treatment, AZD1775 treatment and
CDDP+AZD1775 treatment groups was 51, 53, 72, and 89 days, respectively. The median survival of the CDDP+AZD1775 treatment group
was the longest, and the difference was significant (p < 0.01).
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lar characteristics to Saos2 cells, as indicated by the CDDP
treatment group, in which PDX-OS3 cells did not exhibit
significant proliferation changes. When CDDP was com-
bined with AZD1775 or siRNA-Weel, cell proliferation was
severely affected, and the catastrophic events of mitosis were
significant. It is unclear which type of cell death signaling
pathways are initiated in these cells. Next, western blot data
showed that in Saos2 cells (Fig. 6C) and PDX-OS3 cells (Fig.
6D), compared with the control group, the CDDP-treated
group had significantly increased levels of the NF-kB down-
stream proteins CCND1 and Bcl-2; however, the protein
levels of apoptosis-related full-length PARP and cleaved
PARP did not change significantly, whereas that of cleaved
caspase-3 only slightly increased. In the AZD1775 treatment
group and the siRNA silencing Weel group, the levels of
Bcl-2 and CCND1 decreased significantly, and full-length
PARP also decreased significantly. In contrast, cleaved PARP
and cleaved caspase-3 levels increased significantly. In the
CDDP combined with AZD1775 and CDDP combined with
si-Weel treatment groups, Bcl-2 and CCND1 and full-length
PARP protein levels were significantly reduced, while those
of cleaved PARP and cleaved caspase-3 increased signifi-
cantly compared with the levels of the AZD1775 group and
si-Weel treatment groups.

The above data show that Weel significantly affects the cell
cycle progression and proliferation of Saos2 and PDX-OS3
cells with CDDP tolerance. Inhibiting Weel restored the sen-
sitivity of these cells to CDDP. The NF-«B signaling pathway
and its downstream transcription targets are involved in the
activation of apoptosis-related proteins, and numerous cata-
strophic events of cell division occur. In addition, Weel inhi-
bition not only restored the sensitivity of cells to CDDP but
also amplified the effects of AZD1775 on these cells.

5. AZD1775 inhibits the growth of CDDP-resistant PDX-
OS, restores the cytotoxicity of CDDP toward PDX-OS, and
prolongs the median survival of the host

CDDP is the most widely used anti-OS chemotherapeutic
drug in clinical practice, and it is also the most common drug
to which cells exhibit drug resistance. To observe whether
inhibition of Wee1 has an antitumor effect on CDDP-resistant
OS cells in vivo, we constructed a nude mouse model with
drug-resistant PDX-OS3 cells (Fig. 7) and established four
treatment groups: the blank control group (Fig. 7A), CDDP
treatment group (Fig. 7B), CDDP combined with AZD1775
treatment group (Fig. 7C), and AZD1775 treatment group
(Fig. 7D) (5 mice per group). The experimental results (Fig.
7E-G) showed that the growth in the CDDP treatment group
was the same as that in the control group. The AZD1775
treatment group showed inhibited tumor growth, and the
CDDP combined with AZD1775 treatment group showed
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the most significant inhibition of tumor growth (Fig. 7F).
Upon comparison of the median survival of tumor-bearing
mice in each group, the control and CDDP treatment groups
had the shortest survival times (57 days and 55 days), the
AZD1775 treatment group had a longer survival time (72
days), and the AZD1775 combined with CDDP treatment
group showed the longest survival time (89 days). The
PDX-OS animal experimental data indicated that for CDDP-
resistant OS, using AZD1775 to inhibit Wee1 can significantly
inhibit tumor growth and extend the median survival of the
host. CDDP combined with AZD1775 had a better effect than
AZD1775 alone (Fig. 7G). This shows that inhibiting Weel
can not only inhibit tumor growth alone but also restore the
cytotoxicity of CDDP and cooperate with CDDP to treat CD-
DP-resistant OS.

Discussion

The heterogeneity of gene expression in cells is one of the
malignant characteristics of tumors [3]. In general, the high
expression of oncogenes and related signaling pathway
molecules leads to enhanced activity to maintain abnormal
tumor proliferation, cycle progression, drug resistance, and
survival [3]. Therefore, oncogenes are often the best targets
for tumor therapy. Inflammatory factors of the NF-«xB fam-
ily and Weel/CDC2 are key regulators of the cell cycle in
tumors [6,10]. The NF-xB signaling pathway is frequently
activated when tumor cells respond to the DNA damage
caused by CDDP, indicating that the NF-kB signaling path-
way is involved in the development of CDDP resistance
in tumor cells and plays an important role in this process
[10-12]. On the other hand, high expression of Weel exerts a
key protective effect on the G2/M transition of tumor cells,
and studies have also shown that Weel is related to multi-
drug resistance in OS [10,22]. Therefore, the Weel/CDC2
molecular axis may be related to the NF-«B signaling path-
way.

In this study, the data showed that the ICs value of CDDP
was significantly higher in high CDDP-tolerant cancer cells
(Table 1). In addition, IKKo, IKKB, IxB, and RelA in the NF-
kB signaling pathway were heterogenetically expressed, and
the above four proteins were expressed at higher levels in
CDDP-tolerant parental cells (Fig. 1). These results indicate
that tumor cells that exhibit high CDDP tolerance also have
high levels of NF-kB signaling pathway molecules. Surpris-
ingly, this study found that in several tumor cells, the Weel/
CDC2 molecular axis and multiple molecules in the NF-«xB
pathway were simultaneously enriched. Moreover, these
tumor cells exhibit higher CDDP tolerance, which is accom-
panied by higher tolerance to the Weel-specific small-mol-
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ecule inhibitor AZD1775. Thus, the enriched abundance of
these proteins plays an important role in the process of CDDP
resistance in OS cells. A new finding in this study is that
Weel/CDC2 and NF-kB signaling pathway molecules are
simultaneously expressed at elevated levels under CDDP
stress.

A number of studies [10-12,22] have reported that Weel
or NF-«B is related to CDDP resistance in tumors. It is still
unknown whether Weel and NF-«B directly interact with
each other to contribute to CDDP resistance in OS. This study
confirmed that CDDP causes a strong DNA stress response.
Subsequently, the NF-«B pathway is activated, and the level
of phosphorylated RelA-S536 increases (Fig. 2). In addition,
we observed that TNFo promoted increased levels of RelA-
S536p accompanied by increased protein levels of Weel and
an increase in phosphorylated CDC2-Y15 in CDDP-tolerant
OS cells. In contrast, the inhibition of Weel by AZD1775 was
accompanied by a reduction in the levels of phosphorylated
CDC2-Y15 and RelA-S536 (Fig. 2). This indicates that the
Weel/CDC2 molecular axis and RelA in the NF-kB pathway
are synergistically and mutually active.

Abnormal activation of NF-kB is closely related to the
pathophysiology of tumors [5]. TNFa activation of NF-kB is
accompanied by RelA-5536 phosphorylation, whereby RelA
translocates from the cytoplasm to the nucleus and activates
the transcription of its downstream molecules CCND1 and
Bcl-2 [6,7]. Normally, an increase in CCND1 regulates cell
cycle progression and cell proliferation [7]. Bcl-2 can enhance
the resistance of tumor cells to DNA damage [9]. In con-
trast, cleaved caspase-3 functions by trimming full-length
PARP into two cleaved PARP fragments, preventing DNA
repair and ultimately resulting in cell death. In this study,
after CDDP treatment in OS cells, Weel and RelA physically
interacted with each other, and this interaction increased
upon CDDP treatment (Fig. 3). CDC2 and RelA were activat-
ed by phosphorylation, and the nuclear translocation of RelA
increased (Fig. 4). This study and others [10-12] confirmed
that the Weel and NF-«B signaling pathways are involved
in the CDDP-induced DNA damage response in OS cells.
Consistent with previous studies [6], after CDDP treatment
in CDDP-tolerant OS cells (Saos2 and PDX-OS3), the protein
levels of CCND1 and Bcl-2 increased. Compared to CDDP
treatment alone, treatment with Weel inhibition significantly
reduced the levels of CCND1 and Bcl-2 and increased the
levels of cleaved caspase-3 and cleaved PARP. Consistently,
this effect was more significant when CDDP was combined
with Weel inhibition. This highlights the important role of
the synergy of the Weel/CDC2 and NF-«B signaling path-
ways in the response of CDDP-tolerant OS cells to CDDP
damage.

Theoretically, CDDP exerts a relatively strong DNA dam-
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Fig. 8. Molecular mechanism of the synergistic interaction of
Weel with RelA to promote cisplatin (CDDP). NF-kB, nuclear
factor xB; TNFaq, tumor necrosis factor o.

age effect in the replication phase and cleavage phase in the
cell cycle but a relatively weak effect in the quiescent phase
[23]. Tumor cells usually respond to the DNA stress dam-
age induced by chemotherapeutic drugs such as CDDP by
changing the cell cycle state and proliferation speed to first
avoid cell death and then acquire drug resistance [23]. Con-
sistent with this work, Weel affected cell proliferation and
cell cycle progression and survival (Figs. 5 and 6). Weel can
synergistically enhance cell resistance to CDDP through the
NF-«B signaling pathway in CDDP-tolerant OS cells. In other
words, OS cells could change the cell cycle and cell prolif-
eration status by increasing and mutually activating the NF-
kB signaling pathway and Weel/CDC2 molecular axis to
acquire CDDP resistance. Inhibiting Weel blocked this
mutual effect and restored the DNA stress effect of CDDP.
Although Weel inhibition can clinically enhance the effi-
cacy of conventional chemotherapy drugs used to kill cancer
cells [13], it is worth noting that large-sample studies have
shown extreme heterogeneity among OS patients. Many
reports have indicated that the PDX model has strong predic-
tive value for anti-drug resistance in drug response studies
[24]. Studies have shown that the genome is stable during
the process of collecting primary OS tumors to establish cor-
responding PDX models, and the genomic changes between
primary OS tumors and the corresponding established PDX
tumors are very small [19]. In addition, through multiple
generations of PDXs and their derived cell lines, it was also
found that the genome was highly consistent [25]. Many
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results indicate that the PDX model can be used as a reliable
preclinical model for evaluating specific treatments for OS
patients [26]. PDX-OS3 cells are a known drug-resistant cell
line and show similar properties to conventional Saos2 cells
derived from OS tissue from a patient who failed to respond
to multiple chemotherapy drugs. Previous experiments
using PDX-OS have shown that the results are consistent
with those of the conventional OS cell line Saos2 [17]. We
established a PDX nude mouse model with CDDP-resist-
ant OS3 cells to further verify whether Weel inhibition of
CDDP-resistant OS can restore CDDP drug sensitivity and
improve prognoses. Our research also shows that, similar toa
previous study [15], the experimental results of PDX tumors
and their derivatory cells are consistent in that CDDP drug
treatment alone has no significant effect in controlling the
growth of PDX-OS compared with that of the control group.
Inhibiting Weel has a certain inhibitory effect on the PDX
model, and concomitant Weel inhibition and CDDP treat-
ment can significantly inhibit tumor growth and prolong the
median survival of the host (Fig. 7). Therefore, the results
show that Weel inhibition not only can resensitize CDDP-
resistant PDX-OS to CDDP drugs but also has a synergistic
enhancement effect on OS, which has an ideal therapeutic
effect. Clinically, these data suggest that Weel inhibition may
be an ideal therapeutic option for OS with high expression of
Weel /CDC2 and NF-kB or CDDP resistance.

In conclusion, this study shows that OS presents a mecha-
nism of CDDP tolerance by increasing the protein expres-
sion of both NF-kB signaling pathway molecules and Weel /
CDC2, in which RelA physically binds to Weel to promote
the phosphorylation of RelA-S536 and CDC2-Y15. This
allows RelA to translocate into the nucleus, which further
regulates the expression of CCND1 and Bcl-2 and the apop-
tosis-related genes PARP and caspase-3 and affects tumor cell
cycle progression and cell proliferation (Fig. 8). Inhibition of
Weel can not only restore CDDP drug sensitivity but can also
have a synergistic effect with CDDP on CDDP-tolerant OS
cells with enriched expression of NF-kB signaling pathway
molecules and Weel/CDC2 molecules in vitro and PDX-OS

in vivo, the latter of which extends the median survival of
the host. In other words, this study clarifies a new molecular
mechanism of CDDP resistance in OS cells: increased abun-
dance of NF-kB signaling pathway molecules and the Weel /
CDC2 molecular axis and their mutually enhanced activities.
For OS presenting this CDDP resistance mechanism, inhibi-
tion of Weel can be used as a reference strategy for clinical
treatment.
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