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KEYWORDS Abstract Osteosarcoma is a common malignant tumor occurring in children and young adults.
Akt signaling Chondroitin sulfate (CS) participates in cell adhesion, cell division, and the formation of neural
pathway; networks in the body, the biosynthesis of which requires the participation of glycosyltrans-
CHPF; ferases. CHPF, a glycosyltransferase, plays a role in the extension of CS. Recently, CHPF’s bio-
Osteosarcoma; logical roles and functional importance in human diseases including malignant tumors have
SKP2; been widely discussed. However, whether CHPF is involved in osteosarcoma development
Ubiquitination and growth has not been revealed. The present work aimed to investigate the expression

levels, functional significance and molecular mechanism of CHPF in osteosarcoma progression.
Our results revealed that CHPF is strongly expressed in osteosarcoma tissues and cells. Further-
more, CHPF serves as a tumor promoter in the development and progression of osteosarcoma
through enhancing cell proliferation and migration while suppressing apoptosis. Exploration of
the mechanism by which CHPF promotes osteosarcoma indicated that CHPF promotes osteosar-
coma through counteracting SKP2’s ubiquitination and activating the Akt signaling pathway.
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For the first time, we clarified the roles of CHPF in osteosarcoma, and our results suggested
that CHPF might be a novel therapeutic target in the treatment strategies for osteosarcoma.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Osteosarcoma, a common malignant tumor occurring in
children and young adults, is classified into several sub-
types and characterized by a high risk of metastasis pro-
gression and recurrence after treatment." The current
treatments for osteosarcoma include combined surgery and
neoadjuvant chemotherapy drugs. Despite great advance-
ments in the treatment methods, the overall survival of
patients with osteosarcoma remains unsatisfactory.” Thus,
there is an urgent need to study the molecular targets and
related signaling pathways that modulate osteosarcoma in
order to determine novel targets for osteosarcoma
treatment.

Chondroitin sulfate (CS), a polysaccharide composed of
a variety of alternating sugars (such as N-acetylgalactos-
amine and glucuronic acid), participates in cell adhesion,
cell division, and the formation of neural networks in the
body.*** The biosynthesis of CS requires the participation of
glycosyltransferases.” One of the identified glycosyl-
transferases, chondroitin polymerizing factor (CHPF),
mainly affects the extension of CS.® CHPF, a 775 amino acid
type Il transmembrane protein, is located in the 2q35-q36
region of the human chromosome, spanning four exon
regions.” Recently, CHPF’s biological functions and roles
in human diseases have been widely discussed. For
example, Takeuchi et al investigated the correlation be-
tween the content of individual glycosaminoglycans and the
histological patterns in breast tumor tissues, suggesting
that myxomatous stroma of intracanalicular fibroadenoma
contained a large amount of glycosaminoglycans and the
chondroitin 4- and 6-sulfate.’® In addition, a study from
Pothacharoen et al indicated that the loss of chondroitin
sulfate-proteoglycans (CS-PGs) is a frequent event in oste-
oarthritis."" Moreover, in patients suffering from neuropa-
thy, the average length of chondroitin chains formed on the
non-reducing terminal GalNAc(4S)-linkage structure by
complexes comprising ChSy-1 F362S and CHPF, ChSy-2, or
ChSy-3 was much shorter than that formed by the wild-type
complexes, which implied that the progression of periph-
eral neuropathies may result from defects in these regu-
latory systems.'? On the other hand, some publications
have reported the relationship between CHPF and human
cancers including colorectal cancer,' laryngeal cancer,
and glioma," indicating that CHPF overexpression is
strongly related to the occurrence and development of
tumors. However, the expression levels and functional
importance of CHPF in the development and outgrowth of
osteosarcoma have not been studied in detail.

In this work, we revealed that CHPF serves as a tumor
promoter in the development and progression of osteosar-
coma, while depletion of CHPF suppressed the malignant
progression of osteosarcoma. Further investigation

suggested that the underlying mechanism by which CHPF
promotes osteosarcoma is through the regulation of SKP2
and the Akt signaling pathway. To our knowledge, this is the
first study to clarify the roles of CHPF in osteosarcoma
development, which may represent a novel therapeutic
target in treatment strategies for osteosarcoma.

Materials and methods

Tissue specimens and cell lines

The tissue microarray (TMA, Cat. No. 0S804c), containing
79 osteosarcoma tissues and 20 para-carcinoma tissues, was
provided by Xi’an Alenabio Co., Ltd. (Xi’an, China) (http://
www.alenabio.com/tissue-array/Lung/LC6161). All the
patients signed an informed consent form before providing
samples. This research received ethical support from the
Animal Care Committee of The Second Xiangya Hospital of
Central South University.

Three human osteosarcoma cell lines, SAOS-2, U-20S,
and MNNG/HOS, were purchased from the Cell Resource
Center, Institute of Basic Medicine, Chinese Academy of
Medical Sciences (Beijing, China). The media corresponding
to the above cells were McCoy’s5A + 10% fetal bovine
serum (FBS), 1640 + 10% FBS, and MEM + 10% FBS,
respectively. The cells were placed in a 37 °C incubator
containing 5% CO, for incubation.

Immunohistochemistry (IHC)

The samples were deparaffinized with xylene three times,
followed by washing with alcohol (China National Pharma-
ceutical Group Co., Ltd, Beijing, China). Next, the slides
were repaired with 1 x EDTA (Beyotime Biotechnology Co.,
Ltd, Shanghai, China) and blocked with 3% H,0, and 5% goat
serum (Hengyuan Biotechnology Co., Ltd, Shanghai, China).
Primary antibodies (CHPF, SKP2, and Ki-67) were added and
incubated at 4 °C overnight. Afterwards, the slides were
washed 3 times (5 min/time) with 1 x PBST buffer. Subse-
quently, secondary antibodies were added, incubated and
washed as described above. The slides were then stained
with DAB and hematoxylin (Baso Diagnostics Inc., Zhuhai,
China), and neutral resin (China National Pharmaceutical
Group Co., Ltd, Beijing, China) was used to seal the sam-
ples before analyzing under an optical microscope (IX73,
Olympus). The images were assessed as negative (0), posi-
tive (1—4), ++ positive (5—8), or +++ positive (9—12),
with reference to the sum of the staining intensity (varied
from weak to strong) and staining extent scores, which
were graded as 0 (0%), 1 (1%—25%), 2 (26%—50%), 3 (51%—
75%), or 4 (76%—100%). The antibodies used in this section
were listed in Table S1.
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Plasmid construction and lentivirus infection

For RNA interference lentiviral vectors, using CHPF, SKP2,
CCND2, CCNE2, or RHOU as templates, we designed RNA
interference target sequences (shCHPF: AGCTGGCCATGC-
TACTCTTTG; shSKP2: AAACTCAAATTTAGTGCGACT; shCC
ND2: TCGGAGGATGAACTGGACCAA; shCCNE2: GAGCAGA-
TATGTTCATGACAA; and shRHOU: TTCCAGAACGTCAGTGA-
GAAA). These sequences were inserted into the BR-V-108
vector through the restriction sites at both ends and
transformed into TOP 10 E. coli competent cells (Tiangen,
Beijing, China). Additionally, to overexpress CHPF, we
designed primer amplification sequences (F-5'-3': AGGTC-
GACTCTAGAGGATCCCGCCACCATGCGGGCATCGCTGCTGCGT
C, R-5-3": TCCTTGTAGTCCATACCGGTGCTGTTGCCCTGCTCC
TGTTC) using CHPF as a template to construct a CHPF
overexpression lentiviral vector. The plasmids of positive
recombinants were extracted with the EndoFree maxi
plasmid kit (Tiangen, Beijing, China), and the concentra-
tion was determined in a spectrophotometer (Thermo
Nanodrop 2000).

For lentivirus infection into MNNG/HOS and U-20S cells,
cells in the logarithmic growth period were infected by
adding 20 uL 1 x 10% TU/mL lentivirus under the condition
of ENL.S + Polybrene, before culturing in MEM +10% FBS and
1640 + 10% FBS media, respectively, in a 6-well plate
(2 x 10° cells/well). Finally, the infection efficiency was
evaluated by microscopic fluorescence, and the knockdown
efficiency was assessed by quantitative reverse-transcrip-
tion polymerase chain reaction (qRT-PCR) and Western
blot.

RNA extraction, cDNA synthesis, and qRT-PCR

The total RNA of MNNG/HOS and U-20S cells was isolated
using TRIzol reagent (Sigma, St. Louis, MO, USA) and used
for cDNA synthesis and qRT-PCR using the Promega M-MLV
Kit (Promega Corporation, Madison, Wisconsin, USA) and
the SYBR Green Mastermix Kit (Vazyme, Nanjing, Jiangsu,
China). GAPDH was used as an internal normalization con-
trol. The relative expression of mMRNA was evaluated based
on the 2  method. The primer sequences (5'-3') were
listed in Table S2.

Western blot assay

MNNG/HOS and U-20S cells were collected after infection
with lentivirus or SC79 (an AKT activator) treatment and lysed
with 1 x Lysis Buffer lysis (Cell Signal Technology, Danvers,
MA) to harvest protein. The protein purity was quantified
using the BCA method. Next, 10% SDS-PAGE was used to
segregate total protein before transferring to PVDF mem-
branes. The membranes were blocked in TBST solution with
5% non-fat milk and subsequently incubated with primary
antibodies at 4 °C overnight. After that, the membranes were
washed 3 times (10 min/time) with TBST solution. Subse-
quently, the membranes were incubated using secondary
antibodies at room temperature (RT) for 2 h and washed as
described above. Finally, the ECL + plusTM Western blotting
system was used for color rendering and X-ray imaging was
captured with medical X-ray film (Kodak). For the Co-

Immunoprecipitation (Co-IP) assay, proteins were immuno-
precipitated with anti-Flag and anti-SKP2 and then subjected
toWesternblotting with CHPF and SKP2 antibodies (Table S1).

Cell proliferation detection

Cell proliferation was detected by MTT assay. Briefly, after
infection with the indicated lentivirus, MNNG/HOS and U-
20S cells were collected and resuspended using Dulbecco’s
modification of Eagle’s medium Dulbecco (DMEM, Corning).
Next, 100 uL cell suspension was cultured in 96-well plates
at 2,000 cells/well for 5 days. Subsequently, 100 uL DMSO
was added and shaken for 2—5 min. The optical density
(OD) value at 490 nm wavelength was measured with a
microplate reader (Tecan infinite, Mannedorf Zurich,
Switzerland).

Cell proliferation was also detected using the Celigo cell
counting assay. In detail, MNNG/HOS cells with shCCND2,
shCCNE2, shRHOU, or shSKP2 were collected and seeded
into 96-well plates at a density of 2000 cells/well and
placed in an incubator with 5% CO, at 37 °C. Images of the
cells were taken by the Celigo image cytometer (Nexcelom
Bioscience, Lawrence, MA, USA) and a continuous 5-day cell
proliferation curve was drawn.

Colony formation assay

After infection with the indicated lentivirus, MNNG/HOS
and U-20S cells were seeded into a 6-well plate (2 mL/well)
for 5 days to form colonies. Visible clones in a 6-well plate
were recorded by a fluorescence microscope (Olympus,
Tokyo, Japan). Finally, the cells were washed with phos-
phate-buffered saline (PBS), fixed with 1 mL 4% para-
formaldehyde, and stained with 500 uL Giemsa (Dingguo,
Shanghai, China).

Cell migration assay

Cell migration was investigated using a Transwell assay.
Specifically, after infection with the indicated lentivirus,
MNNG/HOS and U-20S cells were cultured to adjust the
density of cells to 1 x 10° cells/mL, before loading into the
chamber of the Corning Transwell Kit (Corning, Inc., Corn-
ing, NY, USA) containing serum-free medium. Then, the
chamber was transferred to the lower chamber with 30%
FBS and incubated for 72 h. Finally, 400 pL Giemsa was used
for cell staining and the cell migration ability was
quantified.

We next performed a wound-healing assay. Briefly, after
infection with the indicated lentivirus, MNNG/HOS and U-
205 cells were seeded in a 96-well plate (5 x 10* cells/
well). Then, the cells were incubated in an incubator with
5% CO, at 37 °C and observed under a microscope at 8 h and
24 h. The experiment was repeated three times and the
migration rate of cells was evaluated based on the scratch
images.

Flow cytometry assay

To investigate apoptosis, lentivirus-infected MNNG/HOS
and U-20S cells or MNNG/HOS cells after SC79 treatment
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were cultured in 6-well plates (2 mL/well) for 5 days. Next,
10 uL Annexin V-APC was added for 10—15 min at room
temperature in the dark, and the level of apoptosis was
measured using a FACSCalibur flow cytometer (BD Bio-
sciences, San Jose, CA, USA).

For cell cycle analysis, the above cells were cultured in
6-well plates (5 mL/well) for 5 days. The cells were stained
with cell staining solution (40 x Pl, 2 mg/mL: 100 x RNase,
10 mg/mL: 1 x PBS = 25:10:1,000) for 30 min. The per-
centage of cells in the GO-G1, S, and G2-M phases were
evaluated and compared.

Human apoptosis antibody array

The effects of CHPF depletion on the apoptosis-related
protein expression were detected in MNNG/HOS cells using
the Human Apoptosis Antibody Array. Following cell lysis,
the Handling Array membranes were blocked in 2 mL
1 x Wash Buffer Il and incubated with cell lysates and
1 x Biotin-conjugated Anti-Cytokines overnight at 4 °C.
Finally, the signals of the membranes were tracked using a
chemiluminescence imaging system.

PrimeView human gene expression array

Total RNA was extracted as described previously. The
quality and integrity of RNA were determined by a Nano-
drop 2000 (Thremo Fisher Scientific, Waltham, MA, USA)
and Agilent 2100 and Agilent RNA 6000 Nano Kits (Agilent,
Santa Clara, CA, USA). Referring to the manufacturer’s in-
structions, RNA sequencing was performed using Affymetrix
human GeneChip PrimeView and the data were scanned by
an Affymetrix Scanner 3000 (Affymetrix, Santa Clara, CA,
USA). The statistical significance of the raw data was
completed using a Welch t-test with Benjamini-Hochberg
FDR (|fold change| > 1.3 and FDR < 0.05 as significant). A
significant difference analysis and functional analysis based
on Ingenuity Pathway Analysis (IPA) (Qiagen, Hilden, Ger-
many) were executed, and a |Z - score| > 0 is considered
valuable.

Therapeutically applicable research to generate
effective treatments (TARGET) database analysis

In this study, the gene expression correlation analysis was
based on the RNAseq counts data (https://target-data.nci.
nih.gov/Public/OS/mRNA-seq/) of 88 cases of osteosar-
coma samples from TARGET (https://ocg.cancer.gov/
programs/target/data-matrix).

Construction of a nude mouse tumor formation
model

All animal experiments conformed to the European Parlia-
ment Directive (2010/63/EU) and were approved by the
Animal Care Committee of the Second Xiangya Hospital of
Central South University. Four-week-old female BALB-c
nude mice (Beijing Weitong Lihua Animal Research Co.,
Ltd.) were used to establish a xenograft model. The mice
were randomly divided into the indicated groups (n = 10),

and 4 x 10° MNNG/HOS cells with shCHPF and shCtrl were
resuspended in 100 uL PBS and subcutaneously injected into
nude mice. The tumor volume was recorded during the
entire feeding period, and 0.7% sodium pentobarbital was
injected intraperitoneally for several minutes on the last
day of feeding. The fluorescence was observed using an in
vivo imaging system (IVIS Spectrum, Perkin Elmer). After 36
days, the mice were sacrificed, and the tumors were
removed for weighing and photographing before freezing in
liquid nitrogen and storing at —80 °C.

Analysis of protein degradation

To analyze protein degradation, MNNG/HOS cells were
treated with 50 pg/mL cycloheximide (CHX) and har-
vested at indicated time points. The cell lysate was
subjected to immunoblotting. For the analysis of protein
ubiquitination of SKP2, cells were co-transfected with
shCHPF and ubiquitin. At 24 h after infection, the pro-
teasome inhibitor MG132 (10 uM) was added and the cells
were incubated for 6 h. The SKP2 or I1gG antibodies were
added to the cell lysate before incubation overnight at
4 °C. Protein A/G Plus-agarose was added, and the
mixture was incubated at 4 °C for 4 h. The ubiquitin was
detected using a ubiquitin antibody. The antibodies used
are detailed in Table S1.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 8
(San Diego, CA, USA) and SPSS 19.0 (IBM, SPSS, Chicago, IL,
USA). All data are represented as the mean + SD from at
least three independent experiments. Student’s t test (for
comparisons of two groups) and one-way ANOVA (for mul-
tiple group comparisons) were used to analyze the statis-
tical significance. Spearman’s correlation analysis and
Mann—Whitney U analysis were used to assess the associa-
tion between CHPF expression and the pathological char-
acteristics of osteosarcoma patients. P < 0.05 was
considered significantly different. All experiments were
performed in triplicate.

Results

CHPF is strongly expressed in osteosarcoma

To examine the roles played by CHPF in osteosarcoma, we
first detected CHPF protein levels in osteosarcoma and
para-carcinoma tissues. Of the 79 osteosarcoma samples,
52 harbored high CHPF levels (65.8%), which indicated that
CHPF was more highly expressed in osteosarcoma tissues
compared to para-carcinoma tissues (P < 0.001; Fig. 1A, B
and Table S3). We also evaluated CHPF levels in three os-
teosarcoma cell lines and found high expression, especially
in U-20S and MNNG/HOS cells (Fig. 1C). Subsequently, the
Mann—Whitney U analysis and Spearman’s rank correlation
analysis were performed to reveal the relationship be-
tween CHPF levels and clinicopathological characteristics
of patients suffering from osteosarcoma. Both analyses
suggested that elevated CHPF levels predicted higher-
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CHPF was abundantly expressed in osteosarcoma. (A) The protein expression of CHPF in osteosarcoma and normal

tissues was detected by IHC staining. (B) The IHC staining score of CHPF in osteosarcoma and normal tissues was quantified. (C) The
mRNA expression of CHPF in osteosarcoma cell lines was detected by qRT-PCR.

grade malignancy and higher pathological stage (both
P < 0.001; Table 54, S5). Therefore, elevated expression of
CHPF is likely to have significance in the progression of
osteosarcoma.

CHPF knockdown blocks the development and
progression of osteosarcoma in vitro

To further validate the functional roles of CHPF in osteo-
sarcoma development, we knocked down CHPF in U-20S
and MNNG/HOS cells (Fig. S1), and performed MTT viability,
wound-healing/Transwell migration and flow cytometry
experiments. As shown in Figure 2A, the proliferation of U-
20S and MNNG/HOS cells was significantly inhibited upon
silencing CHPF (P < 0.001), and the colony-forming ability

of both osteosarcoma cells with CHPF knockdown was
restrained as well (P < 0.001; Fig. 2B). Besides, CHPF
knockdown also obviously prevented cell migration, as
assessed through Transwell and wound-healing assays
(P < 0.001; Fig. 2C, D). Moreover, depleting CHPF caused
MNNG/HOS and U-20S cell cycle arrest at the G2/M phase
(Fig. 2E). Notably, the rate of cell apoptosis in the shCHPF
group was significantly enhanced (P < 0.001; Fig. 2F), which
might be induced through augmenting Bax, Bad, Caspase-3,
Caspase-8, CD40L, Fas, IGFBP-4, p27, p53, and SMAC
(P < 0.05; Fig. 2G, H). On the other hand, we overexpressed
CHPF in MNNG/HOS and U-20S cells so as to further confirm
the effects of CHPF on osteosarcoma development. Con-
trary to the above findings, CHPF overexpression amelio-
rated osteosarcoma cell proliferation, colony formation,
and migration, and mitigated apoptosis (Fig. S2). These
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Figure 2 CHPF knockdown inhibited cell proliferation, colony formation and migration, induced cell apoptosis. (A) MTT assay was

used to detect the effects of CHPF knockdown on cell proliferation of MNNG/HOS and U-20S cells. (B) The abilities of MNNG/HOS
and U-20S cells to form colony after infection were assessed. (C, D) The effects of CHPF knockdown on MNNG/HOS and U-20S cell
migration capacities were detected by Transwell assay (C) and wound-healing assay (D). (E, F) Flow cytometry was performed to

evaluate the effects of CHPF knockdown on cell cycle (E) and

apoptosis (F) of MNNG/HOS and U-20S cells. (G, H) The changes in

apoptosis-related proteins were analyzed in MNNG/HOS cells following infection by a Human Apoptosis Antibody Array. Protein

level was visualized by R studio (G) and presented in gray
***p < 0.001.

results suggested that CHPF plays a tumor-promoting role in
osteosarcoma development.

CHPF silencing suppresses the tumorigenic ability
of osteosarcoma in vivo

To assess the tumorigenic ability of CHPF, MNNG/HOS cells
stably infected with shCtrl and shCHPF were subcutane-
ously injected into mice to establish xenograft models
(n = 10 per group) (Fig. 3A). Thirty-six days after cell im-
plantation, we observed fewer tumors in the shCHPF group

value (H). The data were expressed as mean + SD. *P < 0.05,

(Fig. 3B). Additionally, tumors formed from CHPF-depleted
MNNG/HOS cells exhibited reduced fluorescence intensity
(P < 0.05; Fig. 3C). We also monitored the growth in-
dicators of tumors and found that the shCHPF group
harbored significantly smaller tumor volume and weight
(P < 0.05; Fig. 3D, E). Following sacrifice, tumor tissues
were harvested for CHPF and Ki-67 protein detection. As
expected, CHPF and Ki-67 levels were decreased in tissues
from mice injected with shCHPF MNNG/HOS cells (Fig. 3F;
Fig. S3A). Taken together, these findings suggested that
CHPF depletion caused the tumorigenic ability of osteo-
sarcoma weakened in vivo.
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Figure 3  CHPF knockdown inhibited tumor growth of osteosarcoma in vivo. (A) A nude mice model of CHPF knockdown was

constructed. (B) The photos of tumors removed from mice models were collected. (C—E) The fluorescence (C), volume (D) and
weight (E) of xenograft tumors were measured. (F) The patterns of CHPF and Ki-67 were detected by IHC analysis in tumor sections
from the mice models. The data were expressed as mean + SD (n > 3). *P < 0.05.

SKP2 is identified as the target gene of CHPF
regulating osteosarcoma

We next executed a PrimeView human gene expression
array in CHPF-silenced MNNG/HOS cells to explore the
mechanism by which CHPF regulates osteosarcoma. Taking
the fold change >1.3 and FDR < 0.05 as a baseline, 5351
differentially expressed genes (DEGs) were obtained
(Fig. 4A). These DEGs were subsequently applied to the
canonical pathway analysis of Ingenuity pathway analysis
(IPA), the results of which showed that Androgen signaling,
Sirtuin signaling pathway, Gaq signaling, and Cyclins and
cell cycle regulation were blocked upon silencing CHPF
(Fig. 4B). The association between these pathways with
CHPF was also established through a network analysis of IPA
(Fig. 4C). Next, we selected several DEGs with higher fold
changes for qRT-PCR detection in MNNG/HOS cells with
CHPF downregulation, four of which were selected for
Western blot verification. The results demonstrated that
the levels of CCND2, CCNE2, RHOU, and SKP2 were

remarkably attenuated at both mRNA and protein levels
(Fig. 4D, E; Fig. S3B). We subsequently constructed lenti-
viral vectors corresponding to CCND2, CCNE2, RHOU, and
SKP2 to infect MNNG/HOS cells. The results of Celigo cell
counting assay showed that shSKP2 caused a significant
reduction in cell proliferation (P < 0.05; Fig. 4F). There-
fore, we hypothesized that SKP2 is a downstream target of
CHPF regulating osteosarcoma and sought to investigate
how the loss of CHPF mechanistically affects SKP2 expres-
sion at the translational and transcriptional levels. Inci-
dentally, we found that exogenously expressed Flag-CHPF
specifically interacted with SKP2, implying that there was a
protein interaction between CHPF and SKP2 (Fig. 4G). To
further study the mechanism by which CHPF knockdown
mediates the reduction in SKP2 protein expression, we
treated MNNG/HOS cells with cycloheximide (CHX) to
evaluate the half-life of SKP2. The data of Western blotting
showed that the inhibition of CHPF accelerated the
degradation of SKP2 protein (Fig. 4H), which was partially
abolished by adding the proteasome inhibitor MG132
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Figure 4

SKP2 was identified as the downstream target of CHPF regulating osteosarcoma. (A) PrimeView human gene expression

array (3 v 3) was performed to identify differentially expressed genes in MNNG/HOS cells with or without CHPF knockdown. (B) The
enrichment of the DEGs in canonical signaling pathways was analyzed by IPA. (C) The IPA analysis was performed to produce the
CHPF-related interaction network. (D, E) The expression of several most significantly down-regulated DEGs was further determined
via gRT-PCR (D) and Western blotting (E). (F) Celigo cell counting assay was performed to detect the inhibition of cell proliferation
of MNNG/HOS cells after infecting shCCND2, shCCNE2, shRHOU or shSKP2 corresponding lentiviruses. (G) Co-IP assay was used to
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(Fig. 4l). This finding implies that CHPF may regulate SKP2
through the ubiquitin-proteasome system (UPS). As it is
well-known that the ubiquitination of proteins is usually
involved in proteasome-mediated degradation,’®'” the
ubiquitination level of SKP2 was further evaluated. As
predicted, CHPF depletion augmented the ubiquitination of
SKP2 (Fig. 4J). Thus, we hypothesized that CHPF could
regulate osteosarcoma by affecting SKP2 ubiquitination.

Moreover, by analyzing the RNA-seq data collected from
the TARGET database, we observed a positive correlation
between CHPF level and SKP2 expression (Fig. 4K). More
importantly, similar to CHPF, the levels of SKP2 were
abundant in both osteosarcoma tissues and cells (Fig. 4L, M;
Fig. S3C).

CHPF targets SKP2 to promote osteosarcoma
progression

Having identified SKP2 as a downstream gene of CHPF, we
sought to verify that CHPF promotes osteosarcoma devel-
opment through SKP2. Thus, different MNNG/HOS cell
models with CHPF overexpression only, SKP2 knockdown
only, and CHPF overexpression with SKP2 knockdown were
established (Fig. 54). We found that CHPF overexpression
significantly increased MNNG/HOS cell proliferation, which
was reversed by knocking down SKP2 (Fig. 5A). Additionally,
as shown in Figure 5B, a trend toward decreased apoptosis
was found following CHPF elevation (P < 0.01), which was
counteracted by inhibition of SKP2 expression (P < 0.001).
Furthermore, functional studies of cell migration revealed
that when SKP2 was knocked down in CHPF-elevated
MNNG/HOS cells, they exhibited a shift toward inhibiting
cell migration (Fig. 5C, D). Collectively, these results
demonstrated that SKP2 harbored similar effects on the
development of osteosarcoma as CHPF, the knockdown of
which curbed the promotion effects of CHPF elevation on
osteosarcoma.

CHPF promotes osteosarcoma progression through
activation of the AKT signaling pathway

In addition to downstream genes, we examined the down-
stream pathways of CHPF in the regulation of osteosar-
coma. Western blot analysis of several cancer-related
proteins was performed to evaluate their expression in
response to CHPF depletion. The results revealed that the
levels of p-AKT, CCND1, CDK1, and PIK3CA were signifi-
cantly decreased, while the total AKT level was unchanged
(Fig. 5E; Fig. S5A). Thus, we considered that the AKT clas-
sical signaling pathway may be a downstream pathway of
CHPF. The AKT pathway has been shown to be involved in

the progression of various human cancers, including
osteosarcoma.'® % Therefore, we treated CHPF-depleted
MNNG/HOS cells with SC79 (an activator of AKT) to deter-
mine whether CHPF-induced osteosarcoma progression was
mediated by the AKT pathway. We found that the previ-
ously attenuated p-AKT and p-mTOR levels were reversed
after SC79 treatment (Fig. 5F; Fig. S5B). Additionally, as
shown in Figure 5G, SC79 treatment counteracted the
promotion effects of CHPF depletion on cell apoptosis of
MNNG/HOS cells. Taken together, these findings suggested
that CHPF promotes the development of osteosarcoma by
activating the AKT signaling pathway.

Discussion

Osteosarcoma is the most common type of malignant bone
tumor worldwide." Since the introduction of chemotherapy
and targeted therapy in high-grade osteosarcoma, the
prognosis has improved significantly, and two-thirds of pa-
tients have achieved long-term survival. However, un-
treated osteosarcoma continues to develop, with the
progression of local and systemic diseases, ultimately
causing death within a few months. An increasing number
of studies have focused on the pathogenesis of osteosar-
coma. It has been reported that LncRNA MEG3 is decreased
in osteosarcoma, and it promotes osteosarcoma chemo-
sensitivity by regulating antitumor immunity via the miR-
21-5p/p53 pathway and autophagy.?' Additionally, the
mevalonate pathway can promote metastasis of osteosar-
coma by activating YAP1 via RhoA.?2 However, the etiology
of osteosarcoma remains largely unknown, and further
understanding of the molecular mechanism of osteosar-
coma development is essential to identify novel therapeu-
tic targets and improve patient outcomes.

CHPF is a 775-amino-acid protein with a molecular mass
of approximately 85 kDa.”~® Previous studies have revealed
the relationship between CHPF and several human cancers.
Kalathas et al demonstrated that CHPF plays an important
role in the initiation and development of colorectal can-
cer’® and laryngeal cancer.” Moreover, CHPF has been
found to be highly expressed in human glioma tissues and
cell lines, indicating that CHPF is a promoter for glioma.'®
However, a detailed understanding of CHPF’s mechanisms
in the regulation of osteosarcoma is still lacking.

In our study, abundant expression of CHPF was observed
in osteosarcoma tissues and cells, which was associated
with higher-grade malignancy and pathological stage, sug-
gesting that CHPF is engaged in the tumorigenic activity of
osteosarcoma. The oncogenic properties of CHPF were
demonstrated in both in vitro and in vivo assays, high-
lighting the potential of CHPF as a treatment target for
osteosarcoma. In this work, we further investigated the

verify whether there was protein interaction between CHPF and SKP2. (H) The level of SKP2 protein in MNNG/HOS cells with CHPF
depletion was detected following 50 pg/mL CHX treatment for indicated times. (I) After MG-132 treatment, the level of SKP2
protein in MNNG/HOS cells with CHPF depletion was examined. (J) The lysate of MNNG/HOS cells with CHPF depletion was
immunoprecipitated using SKP2 and IgG antibodies, and the Western blotting was performed to examine the ubiquitination of SKP2.
(K) There was a positive correlation between CHPF level and SKP2 expression through analyzing the RNA-seq data collected from
TARGET database. (L, M) The protein level of SKP2 in osteosarcoma/normal tissues and the mRNA level of SKP2 in osteosarcoma cell
lines were detected via IHC staining (L) and qRT-PCR (M), respectively.
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Figure 5 SKP2 knockdown alleviated the promotion of osteosarcoma from CHPF overexpression. (A) MTT assay was performed to

examine the effects of CHPF overexpression, SKP2 downregulation as well as CHPF overexpression combining with SKP2 down-
regulation on MNNG/HOS cell proliferation. (B) Flow cytometry was performed to detect the effects of CHPF overexpression, SKP2
downregulation as well as CHPF overexpression combining with SKP2 downregulation on MNNG/HOS cell apoptosis. (C, D) The
effects of CHPF overexpression, SKP2 downregulation as well as CHPF overexpression combining with SKP2 downregulation on
MNNG/HOS cell migration were evaluated by Transwell (C) and wound healing (D) assays. (E) The expression of some well-known
cancer-associated elements was detected by Western blotting in MNNG/HOS cells after silencing CHPF. (F) Western blotting
revealed protein expression of AKT, p-AKT, mTOR and p-mTOR in shCtrl or shCHPF infected MNNG/HOS cells treated with or without
an AKT activator: SC79. (G) Flow cytometry experiment showed the changes in shCtrl or shCHPF infected MNNG/HOS cell apoptosis
after treatment with or without SC79. The data were expressed as mean + SD (n > 3). *P < 0.05, **P < 0.01, ***P < 0.001.

downstream genes of CHPF and confirmed that SKP2 had a
role in mediating osteosarcoma. SKP2, also known as p45 or
FBXL1, is a member of the F-box protein family, which
participates in ubiquitination, cell cycle control, and signal
transduction in the form of the SKP2-SCF complex (Cull-
Rbx1-SKP1-F-boxSKP2)?>2%; SKP2 plays a role as a substrate
recognition factor.?’> Moreover, SKP2 has been shown to be
an oncogene”® that is overexpressed in lymphoma,?’ pros-
tate cancer,”® melanoma,” nasopharyngeal carcinoma®
and breast cancer.>' Here, overexpression of SKP2 was also
observed in osteosarcoma tissues and cells. More impor-
tantly, our data illustrated that silencing SKP2 could
counteract the promotion effects of elevating CHPF on
osteosarcoma. We also investigated the mechanism by
which CHPF regulates SKP2.

UPS is responsible for the cellular processes associated
with protein quality control and homeostasis.*? Interest-
ingly, the dysregulation of the UPS has been implicated in
numerous diseases, including human cancers, in which the
components of UPS are frequently mutated or abnormally

expressed.®® Here, we found that CHPF depletion could
accelerate the ubiquitination of SKP2, thereby attenuating
SKP2 protein level. Therefore, we proposed that the tumor-
promoting potential of CHPF in human osteosarcoma was
mediated by counteracting SKP2’s ubiquitination.

We also explored the potential downstream pathway of
CHPF in the regulation of osteosarcoma. The AKT signaling
pathway is one of the most frequently altered pathways in
human cancers and plays a critical role in driving tumor
initiation and progression.>* Consequently, the AKT
signaling has emerged as an attractive target for cancer
therapy, and many drugs that inhibit various pathway
components are currently in clinical trials.>® Published
research has shown that the AKT pathway is the most
common aberrantly activated pathway in breast cancer.>®
Furthermore, Chen et al*’ demonstrated that progranulin
(PGRN) exacerbates the progression of non-small cell lung
cancer via the AKT signaling. Furthermore, in osteosar-
coma, the AKT pathway is closely related to tumorigenesis
and disease progression.>® “° In this study, we found that
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upon knocking down CHPF, p-AKT and p-mTOR levels were
downregulated, which was reversed after treatment with
SC79. However, SC79 treatment damaged the inhibitory
effects of CHPF depletion on the malignant phenotypes of
MNNG/HOS cells.

In summary, these findings suggested that CHPF promotes
the development of osteosarcoma via targeting SKP2 and
activating AKT signaling pathway, which may represent a
promising candidate target for treating osteosarcoma.
Although our current study provides some important and
instructive findings, it still has many limitations. For instance,
we did not determine the relationship between CHPF
expression and the prognosis of osteosarcoma patients.
Additionally, we have not yet determined whether SKP2 reg-
ulates osteosarcoma through the AKT pathway. It’s well re-
ported that SKP2 is an oncoprotein and promotes AKT
activation,*' we speculated that CHPF increases the expres-
sion of SKP2 by inhibiting its ubiquitination, thereby activating
the AKT pathway and eventually facilitating osteosarcoma
development. More importantly, larger sample sizes are
needed to offer a greater degree supporting the role of CHPF
in osteosarcoma, which will provide a theoretical basis for
new strategies in osteosarcoma diagnosis and treatment.
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