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H I G H L I G H T S  

• FBXO22 is dramatically highly expressed in clinical samples of recurrent chondrosarcoma. 
• FBXO22 is prominently upregulation in cell line-derived xenograft samples of recurrent chondrosarcoma and in recurrent chondrosarcoma cells. 
• Suppressing FBXO22 abates the proliferation and migration of recurrent chondrosarcoma cells. 
• Suppressing FBXO22 facilitates the apoptosis of recurrent chondrosarcoma cells. 
• Suppressing FBXO22 raises the expression of PD-L1 in recurrent chondrosarcoma.  
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A B S T R A C T   

Chondrosarcoma (CHS) is a malignant bone tumor with insensitivity to both radiotherapy and chemotherapy, 
and a high recurrence rate. However, the latent mechanism of recurrent CHS (Re-CHS) remains elusive. Here, we 
discovered that FBXO22 was highly expressed in clinical samples of Re-CHS. FBXO22 played a significant role in 
various cancers. However, the role of FBXO22 in Re-CHS remained unclear. Our research demonstrated that 
suppressing FBXO22 abated the proliferation and migration of CHS cells and facilitated their apoptosis. In 
addition, suppressing FBXO22 raised the expression of PD-L1 in Re-CHS. All these findings provide new evidence 
for using FBXO22 and PD-L1 as combined targets to prevent and treat Re-CHS, which may prove to be a novel 
strategy for immunotherapy of CHS, especially Re-CHS.   

1. Introduction 

Chondrosarcoma (CHS) is the second most common primary malig-
nant bone tumor, with an overall incidence of about 1 in 200,000, ac-
counting for 9.2 % of all primary malignant bone tumors. The mean age 
of onset is around 50 years, with male preference [1,2]. The prognosis of 
CHS is closely related to its histological grade. The 5-year survival rate 
for grade 1, 2 and 3 CHS is 90 %, 81 % and 29 % respectively. The 
recurrence rate of CHS increases with the severity of the malignancy 
grade, an about 50 % recurrence rate for low-grade CHS and 78 % for 

intermediate-grade CHS [3–6]. In addition, CHS tends to progress to 
higher grades upon recurrence [7]. 

Surgical excision remains the mainstay of treatment for CHS at 
present. But even with complete removal of the CHS tissue, the recur-
rence rate for medium-grade CHS remains high as 50 %. When complete 
excision is difficult due to complex anatomical structures, the recurrence 
rate can exceed 85 % [3]. In addition to surgical treatment, CHS is 
insensitive to radiation and chemotherapy, highlighting the urgent need 
for a new therapeutic approach to effectively control the disease [8,9]. 
Immunotherapy, as a novel treatment approach in recent years, has 
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shown promising results in many cancers. However, research on 
immunotherapy of CHS is still in the infant stage [10–12]. According to 
analyses of a small number of cases, some CHS patients have been shown 
to benefit from PD-1 antibody treatment [13–15]. 

F-box proteins are components of E3 ubiquitin ligase complexes, and 
FBXO22 is a member of the F-box protein family. It has been identified to 
play a notable role in the development and progression of cancers such 
as liver cancer, colorectal cancer, breast cancer, and lung cancer 
[16–19]. An analysis of TCGA data showed that the mRNA level of 
FBXO22 was significantly elevated in various types of human tumor 
tissues compared to normal tissues [20]. The expression of PD-L1 has 
been shown to be regulated by various factors, among which FBXO22 
could degrade PD-L1 through the ubiquitination pathway [21,22]. 
However, the biological function of FBXO22 in recurrent CHS (Re-CHS) 
and its potential relationship with PD-L1 in CHS are still not fully 
understood. 

In this study, we investigated the impact of FBXO22 on the occur-
rence and progression of Re-CHS, as well as its potential relationship 
with PD-L1 in the treatment of CHS. We demonstrated that FBXO22 
could expedite the proliferation and migration of Re-CHS cells and 
attenuate their apoptosis. Most notably, PD-L1was found to be upregu-
lated in Re-CHS by downregulating the level of FBXO22, which may 
provide a novel strategy for immunotherapy of Re-CHS. 

2. Results 

2.1. FBXO22 is highly expressed in clinical Re-CHS samples 

To investigate the molecular mechanism underlying the recurrence 
of CHS, we collected primary CHS (Pr-CHS) and Re-CHS paraffin section 
samples from the same patient (n = 3) and performed mass spectrometry 
analysis (Fig. 1A). In the proteomic analysis results, we referenced 
literature related to protein expression studies [23–29], using a fold 
change greater than 1.2 or less than 0.83 as the selection criteria for 
differential protein genes. A total of 166 differentially expressed (DE) 
proteins were identified, including 117 upregulated proteins and 49 
downregulated proteins (FC > 1.2 or FC < 0.83, P < 0.05) (Fig. 1B). 
Later, we focused on DE proteins with P value less than 0.01 (Fig. 1C), 
and validated the mRNA expression of top 15 upregulated candidates in 
the re-collected fresh Pr-CHS and Re-CHS samples from the same patient 
(n = 3) by qRT-PCR assay. It was found that the mRNA levels of FBXO22, 
MACROH2A and PRPF19 were highly expressed (Fig. 1D), among which 
FBXO22 played a notable role in the development and progression of 
cancers such as liver cancer, colorectal cancer, breast cancer, and lung 
cancer [16–19]. However, the role of FBXO22 in Re-CHS remained un-
clear. Subsequently, we utilized IHC and Western blot assay to further 
validate the expression of FBXO22 in clinical Pr-CHS and Re-CHS tissues 
(Fig. 1E-H), and found that the FBXO22 protein expression was signif-
icantly upregulated in clinical Re-CHS tissues. 

2.2. FBXO22 is prominently upregulated in cell line-derived xenograft 
(CDX) samples of Re-CHS cells 

To further explore the function of FBXO22 in Re-CHS, we established 
a CDX mouse model of Re-CHS using CHS cell line (HCS2/8 cell or 
SW1353 cell) (Fig. 2A), from which CDX cells were isolated (Fig. S1A). 
Pr-CHS and Re-CHS tissues were collected in CDX mouse models for IHC 
validation (Fig. 2B and S1B). The results indicated that the expression of 
FBXO22 in Re-CHS tissues was significantly higher than that in Pr-CHS 
tissues from the CDX mouse model. Further Western blot and qRT-PCR 
assays showed that the FBXO22 expression in Re-CHS tissues and cells 
from the CDX mouse model was upregulated significantly (Fig. 2C, D 
and S1C, D). In the Re-CHS CDX mouse model, the Re-CHS tumors grow 
faster and have a larger volume than the Pr-CHS tumors. This may lead 
to a hypoxic environment for Re-CHS cells. Therefore, to exclude the 
potential effects of hypoxia, we examined the protein level of FBXO22 in 

Pr-CHS and Re-CHS cells with different degrees of confluence. The re-
sults showed that the protein level of FBXO22 did not change under 
different fusion degrees (Fig. S1E). Based on these findings, we hy-
pothesized that FBXO22 might indeed be a relevant gene associated with 
CHS recurrence. 

2.3. FBXO22 accelerates proliferation of Re-CHS in vivo and in vitro 

To clarify the role of FBXO22 in Re-CHS, we established the Re-CHS 
cell lines Re-HCS2/8 and Re-SW1353 using Re-CHS CDX samples. 
Employing lentiviral-mediated shRNA infection, we separately gener-
ated stable cell lines with FBXO22 knockdown in Re-CHS cell lines, 
using shN as the negative control (Fig. 3A and S2A). We selected Re- 
HCS2/8 shFBXO22 #2 and Re-SW1353 shFBXO22 #1 as experimental 
cells due to their higher knockdown efficiency within Re-HCS2/8 and 
Re-SW1353 cells. To investigate the impact of FBXO22 on the viability 
of CHS cells, we conducted cell viability assays using the Cell Counting 
Kit-8 (CCK-8) on Re-HCS2/8 shN and shFBXO22 #2 cells and found that 
knocking down FBXO22 significantly decreased the cell viability of Re- 
HCS2/8 cells (Fig. 3B). The colony formation assay demonstrated a 
significant reduction in colony formation upon FBXO22 knockdown in 
both Re-HCS2/8 (Fig. 3C, D) and Re-SW1353 (p < 0.0001, Student’s t- 
test) cells (Fig. S2B, C). To explore whether FBXO22 knockdown 
enhanced the growth of Re-CHS cells in vivo, we subcutaneously 
injected stably FBXO22-downregulated Re-HCS2/8 shFBXO22 #2 cells 
and controlled Re-HCS2/8 shN cells into the inguinal region of 5-week- 
old nude mice. When the primary tumors reached a size of 500 mm3, 
more than 95 % were excised. Eight days later, the recurrent tumors 
were removed for measurement. Consistent with the in vitro results, the 
volume and weight of recurrent tumors in the FBXO22 knockdown 
group were significantly lower than those in the control group (Fig. 3E, 
F, G). We also designed a control experiment using the same tumor- 
bearing method to compare the growth rates of primary tumors in 
both groups. The results showed that, consistent with the in vitro results, 
the growth rate of Re-HCS2/8 shFBXO22 #2 tumors subcutaneously 
implanted in mice was notably slower than that carrying the empty 
vector (Fig. 3H). The tumor volume and weight were significantly lower 
in FBXO22 knockdown group than that in the control group on day 18 
(Fig. 3I, J). Interestingly, we observed a significant difference in the 
body weight of the two groups of mice as the tumors grew (Fig. S2D). 
These findings collectively indicate that FBXO22 could promote the 
growth of Re-CHS both in vitro and in vivo. 

2.4. FBXO22 promotes the migration and abates apoptosis of Re-CHS 
cells in vitro 

It is reported in the literature that the malignant grade of CHS will 
increase with recurrence [7], and the metastasis rate will also increase 
sharply with the increase of malignancy [3]. To further investigate the 
effect of FBXO22 on metastasis and malignancy in Re-CHS, cell migra-
tion and apoptosis were detected in the Re-CHS cell lines Re-HCS2/8 and 
Re-SW1353. Scratch assay results revealed that FBXO22 knockdown 
significantly decelerated the migration rate of Re-HCS2/8 (Fig. 4A, B) 
and Re-SW1353 (Fig. 4C, D) cells. Flow cytometry analysis of apoptosis 
showed a pronounced increase in apoptotic levels for both Re-HCS2/8 
(Fig. 4E, F) and Re-SW1353 (Fig. 4G, H) upon FBXO22 knockdown. In 
summary, these results suggest that FBXO22 also played a role in pro-
moting the migration of Re-CHS cells and inhibiting the apoptosis during 
the process of CHS recurrence. 

2.5. FBXO22 downregulates the expression of PD-L1 in Re-CHS 

Previous studies reported that FBXO22 downregulated the expres-
sion of PD-L1 in lung cancer cells [21,22]. To further investigate the 
potential role of FBXO22 in the treatment of CHS, we examined the 
expression relationship between F BXO22 and PD-L1 in CHS at both the 
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Fig. 1. FBXO22 is highly expressed in clinical samples of Re-CHS patients. A Schematic illustration of the analysis by mass spectrometry analysis of Pr-CHS and 
Re-CHS samples from the same patient (created by Biorender); B Mass spectrometry analysis identified differential proteins (FC > 1.2 or FC < 0.83, P < 0.05) (n = 3); 
C A Volcano blot showing differential expression (DE) proteins (FC > 1.2 or FC < 0.83, P < 0.01) and top 15 upregulated proteins; D The mRNA levels of the top 15 
upregulated candidates were detected in Pr-CHS and Re-CHS tissues from patients by qRT–PCR (n = 3); E Representative images of FBXO22 IHC staining in Pr-CHS 
and Re-CHS tissues (n = 5); F Quantification of FBXO22+ signals from E; G Western blot detection of the protein expression levels of FBXO22 in Pr-CHS and Re-CHS 
tissues from patients (n = 3). GAPDH was used as a control; H Quantification of signals from G. 
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cellular and tissue levels. Consistent with previous research findings, we 
discovered that FBXO22 and PD-L1 expression levels exhibited an in-
verse trend in human CHS tissue samples. In human Pr-CHS tissue sec-
tions, FBXO22 expression was lower, while PD-L1 exhibited higher 
expression in corresponding locations. In tissue sections from Re-CHS, 
FBXO22 expression was elevated, and correspondingly, PD-L1 expres-
sion was decreased (Fig. 5A). Subsequently, we conducted an analysis on 
the protein level of Re-HCS2/8 shFBXO22 #2 and Re-SW1353 
shFBXO22 #1 cells with FBXO22 knockdown (Fig. 5B), and found that 
when FBXO22 was knocked down, the PD-L1 expression rebounded. We 
further analyzed the tumor tissues from the mice bearing tumors as 
shown in Fig. 3H, and the results were consistent with the cellular 
findings. FBXO22 and PD-L1 exhibited a negative correlation at the 
protein (Fig. 5C) and tissue slice levels (Fig. 5E). We also measured the 
protein level of CDK5 in CHS cells, and the results were consistent with 
the regulatory mechanism reported in lung cancer cells. The trend of 
CDK5 protein expression change was consistent with PD-L1 and opposite 
to FBXO22. The protein level of CDK5 was higher in Pr-CHS cells than in 
Re-CHS cells (Fig. 5D). To rule out any potential effect of the tumori-
genic process in nude mice on CHS cells, we silenced FBXO22 in un-
treated CHS cell line HCS2/8 using siRNA, creating HCS2/8 siFBXO22, 
using HCS2/8 siN as negative controls. The result showed that lowering 
the expression of FBXO22 in the original cell lines induced the upre-
gulation of PD-L1 protein (Fig. S3A). All these findings demonstrated 
that FBXO22 downregulated PD-L1 expression in Re-CHS. 

3. Discussion 

The recurrence of CHS severely impacts the patients’ quality of life 
and survival time [5], creating a significant burden on both their fam-
ilies and society. Through clinical samples of Pr-CHS and Re-CHS, we 

discovered that FBXO22 was a critical regulatory factor in malignant 
progression of Re-CHS (Fig. 6). In addition, FBXO22 was found to be 
closely correlated with the immune checkpoint PD-L1 within CHS, 
which is the first study from the perspective of recurrence to investigate 
the malignant biological behavior and targeted treatment of CHS. 

An increasing number of studies have demonstrated the crucial role 
of FBXO22 in carcinogenesis. Multiple studies have revealed that in 
breast cancer, FBXO22 could regulate the KDM4 protein family and 
participated in the development, differentiation, and tamoxifen resis-
tance of breast cancer [30,31]. Interestingly, FBXO22 exhibited different 
functions in the occurrence and metastasis of breast cancer, while pro-
moting breast cancer. Zhang et al. [16] and Tian et al. [32] reported that 
FBXO22 promoted tumor proliferation and invasion in liver cancer. It 
could also regulate the expression levels of P21 and Krüppel-like factor 4 
(KLF4) through the ubiquitination pathway, thus affecting the cell cycle. 
In lung cancer, colorectal cancer, and melanoma, FBXO22 also played a 
significant role in tumor occurrence and invasion. Studies indicate that 
FBXO22 further promoted tumor occurrence and metastasis by 
degrading different substrates in these tumors [17,19,33]. By validating 
samples from both patients and nude mice, including Pr-CHS and Re- 
CHS samples, we discovered that the FBXO22 expression level in Re- 
CHS was significantly higher than that in Pr-CHS samples. This finding 
led us to the speculation that FBXO22 might be closely associated with 
CHS recurrence. To confirm the role of FBXO22 in the development of 
CHS, we engineered a Re-CHS cell line with reduced FBXO22 expression 
and established a mouse model of Re-CHS. The results indicate that the 
downregulation of FBXO22 suppressed cell proliferation and migration, 
but promoting cell apoptosis. These findings suggest that FBXO22 plays 
an oncogenic role in CHS. 

In addition to playing a critical role in the occurrence and progres-
sion of tumors, FBXO22, as part of the E3 ubiquitin ligase complex, may 

Fig. 2. FBXO22 is prominently upregulated in cell line-derived xenograft (CDX) samples of Re-CHS and in Re-CHS cells. A Schematic illustration of the Re- 
CHS CDX model in nude mice; B Representative images of FBXO22 IHC staining in Pr-CHS and Re-CHS tissues from the CDX model of HCS2/8 cells (n = 5); C Left, 
Western blot detection of the protein expression level of FBXO22 in Pr-CHS and Re-CHS tissues from CDX model of HCS2/8 cells (n = 3). GAPDH was used as a 
control. Right, qRT-PCR detection of the mRNA level of FBXO22 in Pr-CHS and Re-CHS tissues from CDX model of HCS2/8 cells (n = 3); D Left, Western blot 
detection of the protein expression level of FBXO22 in Pr-CHS and Re-CHS cells from CDX model of HCS2/8 cells (n = 3). GAPDH was used as a control. Right, qRT- 
PCR detection of the mRNA level of FBXO22 in Pr-CHS and Re-CHS cells from CDX model of HCS2/8 cells (n = 3). 
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contribute to tumor therapy through the ubiquitination pathway, lead-
ing to the degradation of various substrate proteins associated with 
cancer treatment [18,34]. Research reports have shown that FBXO22 
can degrade CD147, a protein associated with drug resistance in lung 
cancer, through the ubiquitination pathway, thereby enhancing the 
sensitivity of lung cancer cells to cisplatin [35]. It is well known that 
CHS is a tumor that is insensitive to both radiation and chemotherapy, 
and it is prone to recurrence. Its recurrence rate remains high despite 

efforts to achieve complete surgical resection, and its malignancy tends 
to increase with recurrence [3,7]. Research by Sarmishtha et al. in-
dicates that FBXO22 can enhance the sensitivity of lung cancer cells to 
DNA damage therapy by downregulating PD-L1 [22]. Furthermore, 
studies have shown that some CHS patients benefited from treatment 
with PD-1 antibodies [13–15]. Therefore, it is speculated that FBXO22 
and PD-L1 expression might also be correlated in CHS. IHC analysis of 
Re-CHS showed that as FBXO22 expression increased, PD-L1 expression 

Fig. 3. FBXO22 accelerates proliferation of Re-CHS in vivo and in vitro. A Left, western blot detection of the protein expression level of FBXO22 in Re-HCS2/8 
shN, shFBXO22 #1 and shFBXO22 #2 cells. Right, qRT-PCR detection of the mRNA level of FBXO22 in Re-CHS shN, shFBXO22 #1 and shFBXO22 #2 cells; B Re- 
HCS2/8 shN and shFBXO22 #2 cells were subjected to Cell Counting Kit-8 (CCK-8) assay to detect cell viability; C Re- HCS2/8 shN and shFBXO22 #2 cells were 
conducted to detect cell proliferative ability by colony formation assay; D Quantification of signals from C; E, F, G In vivo analysis of Re-CHS in mice that were 
subcutaneously injected with Re-HCS2/8 shN and Re-HCS2/8 shFBXO22 #2 cells. When the primary tumors reached a size of 500 mm3, more than 95 % were 
excised. Eight days later, the recurrent tumors were removed and their weight and volume were recorded; H In vivo analysis of Re-CHS in mice that were subcu-
taneously injected with Re-HCS2/8 shN and and Re-HCS2/8 shFBXO22 #2 cells. Starting from day 10, the Re-HCS volume was measured; I, J In vivo analysis of Re- 
CHS in mice that were subcutaneously injected with Re-HCS2/8 shN and and Re-HCS2/8 shFBXO22 #2 cells. When the maximum Re-HCS volume reached 1000 
mm3, tumors were excised and their weight was recorded. 
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decreased. When FBXO22 was downregulated in Re-CHS, PD-L1 
expression increased. These findings suggest that FBXO22 could 
potentially serve as a combined therapeutic target with PD-L1 for Re- 
CHS. 

Due to the difficulty in collecting paired samples of Pr-CHS and Re- 
CHS, the clinical sample size used in this study was relatively small. 
However, we successfully established a nude mouse model of Re-CHS 
and validated our hypothesis through animal experiments. It has been 
reported that inhibiting CDK5 could hinder the phosphorylation of 
FBXO22, thus increasing the FBXO22 expression and subsequently 
affecting the expression level of PD-L1 [22]. In our study, we found that 
the protein expression level of CDK5 in Pr-CHS cells was higher than that 
in Re-CHS cells. Moreover, the trend of CDK5 protein expression change 
was consistent with PD-L1 and opposite to FBXO22, which is in line with 

the relevant signaling mechanisms reported in lung cancer. These 
findings suggest that further in-depth research is warranted for 
comprehensive analysis and validation, and it might be possible to 
downregulate the oncogenic effect of FBXO22 indirectly or directly by 
enhancing the function of CDK5 or designing inhibitors for FBXO22. 
Simultaneously, upregulating PD-L1 could expose immune checkpoints, 
potentially enabling the use of combined PD-1 antibodies for treating 
Re-CHS. MiniPDX, an emerging method for rapidly testing the sensi-
tivity of anticancer drugs, has gained increasing attention in recent years 
[36–38]. It reliably simulates patients’ clinical treatment responses, 
which could become a reliable tool for conducting experimental treat-
ments in our context. 

Taken together, FBXO22 is highly expressed in Re-CHS. In vitro ex-
periments have shown that FBXO22 can promote the proliferation and 

Fig. 4. FBXO22 promotes the migration of Re-CHS and abates apoptosis in vitro. A, B Re-HCS2/8 shN and shFBXO22 #2 cells were conducted to detect the cell 
migration ability by wound healing assay (A), cell migration rates of Re-HCS2/8 shN and shFBXO22 #2 cells were measured by ImageJ software(B); C, D Re-SW1353 
shN and shFBXO22 #1 cells were conducted to detect the cell migration ability by wound healing assay (C), cell migration rates of Re- SW1353 shN and shFBXO22 
#1 cells were measured by ImageJ software (D); E, F Re-HCS2/8 shN and shFBXO22 #2 cells were conducted to detect the cell apoptosis ability by flow cytometry 
using PI/APC apoptosis kit (E) and cell apoptosis rate (F); G, H Re-SW1353 shN and shFBXO22 #1 cells were conducted to detect cell apoptosis ability (G) and cell 
apoptosis rate (H) by flow cytometry using PI/APC apoptosis kit. 
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migration of Re-CHS cells while inhibiting their apoptosis. Additionally, 
in vivo studies have demonstrated that FBXO22 can enhance the tissue 
growth of Re-CHS. FBXO22 downregulates PD-L1 in CHS, indicating its 
potential as a combined target for immunotherapy. Furthermore, this 

study presents the first report of the inhibitory effects of FBXO22 
knockdown on Re-CHS and proposes the possibility of using FBXO22 as 
a therapeutic target in combination with PD-L1 for immunotherapy, 
offering a new avenue for targeted treatment of Re-CHS. 

Fig. 5. FBXO22 downregulates the expression of PD-L1 in Re-CHS. A Representative images of FBXO22 and PD-L1 IHC staining in Pr-CHS and Re-CHS tissues; B 
Western blot detection of the protein expression level of FBXO22 and PD-L1 in Re-HCS2/8 shN, Re-HCS2/8 shFBXO22 #2, Re-SW1353 shN and Re-SW1353 
shFBXO22 #1 cells; C Western blot detection of the protein expression level of FBXO22 and PD-L1 in Re-CHS tissues from the CDX model of Re-HCS2/8 shN and 
shFBXO22 #2 cells; D Representative images of FBXO22 and PD-L1 IHC staining in Re-CHS tissues from the CDX model of Re-HCS2/8 shN and shFBXO22 #2 cells; E 
Western blot detection of the protein expression level of CDK5, FBXO22, and PD-L1 in primary or recurrent HCS2/8 CDX cells. 
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4. Methods 

4.1. Clinical samples and mass spectrometry analysis 

Clinical Pr-CHS and Re-CHS samples were procured from the 
Department of Bone Tumors and Pathology at Changzheng Hospital 
(Shanghai, China). The research project received approval from the 
hospital’s ethics committees, and all participating patients provided 
informed consent in accordance with state and institutional regulations 
governing the experimental use of human tissues. From the acquired 
clinical tumor samples, the Pr-CHS and Re-CHS samples from the same 
patient (n = 3) were selected. Protein mass spectrometry analysis was 
commissioned to Shanghai APTBIO Co. for thorough evaluation. 

4.2. Animal study 

We adapted the mouse tumor recurrence model construction 
methods to create a Re-CHS model in nude mice [39,40]. Thirty male 
nude mice (Shanghai Slac Laboratory Animal Co., Ltd., Shanghai, China) 
were raised in the specific pathogen-free (SPF) environment. By inject-
ing 2 × 106 cells/100 μL of HCS2/8 (or SW1353) cells into the inguinal 
region of the male nude mice, we established the model, followed by 
housing the mice in SPF animal facilities. When the primary tumors 
reached a size of 500 mm3, mice were anesthetized with 1 % pento-
barbital sodium. Subsequently, more than 95 % of the primary tumor 
was removed, leaving less than 5 % of residual tumor tissue to simulate 
residual micro-tumors. In cases where the recurrent tumor grew to 1000 
mm3 or the body weight decreased by 15 % within one week, euthanasia 
was carried out, and the recurrent tumor was excised for further 
analysis. 

We constructed a CDX mouse model using the Re-CHS cell line with 
FBXO22 knockdown. Male nude mice were subcutaneously injected 
with 2 × 106 cells/100 μL of Re-HCS2/8 shFBXO22 #2 and Re-HCS2/8 
shN cells, respectively, into the inguinal region. The mice were then 
housed in SPF animal facilities. Starting from the 10th day post- 
injection, we measured the tumor size and recorded the weight of the 
mice. When the volume of the first tumor reached 1000 mm3, euthanasia 
was carried out on both groups of mice, and the tumors were excised for 
further analysis. Animal care and experiments adhered to all ethical 
regulations related to animal research, as approved by the Committee 
for Humane Treatment of Animals at East China Normal University 
(Shanghai, China). 

4.3. Cell lines and cell culture 

The Re-CHS CDX tissues were aseptically dissected into 1 mm3 

fragments. These fragments were then added to 1 mL digestion solution 
consisting of 2 mg collagenase II (Sigma, C6885), 1 mL phosphate 
buffered saline (PBS), and 10 μL 1 M hepes, and were digested at 37 ◦C 
for 30 min. Following digestion, the cell suspension was obtained. 
Following centrifugation at 1500 rpm for 10 min, the supernatant was 
removed, and the cell pellet was reconstituted in Dulbecco’s Modified 
Eagle’s Medium (DMEM, C11995500BT) supplemented with 20 % fetal 
bovine serum (FBS) (Gibco, 10270–106), 100 U/mL of penicillin, and 
100 mg/mL of streptomycin (Invitrogen, 15070063). The resuspended 
cells were plated in culture dishes and maintained at 37 ◦C with 5 % 
CO2. After 24-h culture, the medium was replaced with full DMEM 
culture medium (10 % FBS, 100 U/L penicillin, and 100 mg/L strepto-
mycin) for subculturing. This process resulted in the establishment of 
Re-CHS cell lines Re-HCS2/8 and Re-SW1353. 

The human CHS cell line SW1353, and HCS-2/8 were procured from 
the American Type Culture Collection (ATCC, Manassas, Virginia, USA). 
Both cell lines were cultured in full DMEM medium. No sign of myco-
plasma contamination was found for all cell lines. Cell line authentica-
tion was conducted using short tandem repeat profiling. 

4.4. Plasmids, lentiviral vectors, and stable cell lines 

Design of short hairpin RNA (shRNA#1 CCGGAAGGTGGGAGCCAG-
TAATTATCTCGAGATAATTACTGGCTCCCACCTTTTTTTG, shRNA#2 
CCGGAACGCATCTTACCACATACAGCTCGAGCTGTATGTGGTAAGATGC 
GTTTTTTTG) targeting FBXO22 was used to knock down FBXO22 
expression. DNA fragments (shRNA#1, shRNA#2) were inserted into the 
lentiviral vector pLKO.1 puro (Addgene, 10878). Plasmid transfection 
was performed as follows: 293 T cells were cultured in a 10 cm dish. When 
the confluency reached 30 %-40 %, the medium was replaced with serum- 
free DMEM, and co-transfection was carried out using transfection re-
agent EZ (20 μl, life-ilab, AC04L092) along with the target plasmid (5 μg) 
and packaging plasmids pMD2.G (5 μg, Addgene, 12259) and psPAX2(10 
μg, Addgene, 12260). After 8-h transfection, the culture medium was 
replaced with full DMEM, and the cells were allowed to incubate for an 
additional 48–72 h. The supernatant containing lentivirus was collected, 
filtered through a 0.45 μm filter (PALL, 4614), and used for cell infection. 
The lentivirus-containing supernatant was mixed 1:1 with full DMEM 
medium. After infecting Re-HCS2/8 or Re-SW1353 cells for 48 h, cells 
were cultured in full DMEM medium containing puromycin (2 μg/ml, 

Fig. 6. A putative schematic presentation of FBXO22 regulating PD-L1 expression in recurrent chondrosarcoma. In Re-CHS, FBXO22 is upregulated, stim-
ulating the growth of Re-CHS and enhancing the degradation of PD-L1. 
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BasalMedia, S250J0) for 24 h. The effectiveness of knockdown was 
validated using qRT-PCR and Western blot analysis. 

4.5. FBXO22 siRNA transfection 

FBXO22 siRNA transfection was performed by referring to the 
method described by Guo et al. for FBXO22 siRNA transfection [41]. 
Specific small interfering RNA (siRNA) targeting FBXO22 (siFBXO22, 5′- 
GGUGGGAGCCAGUAAUUAUTT-3′) as well as a non-specific control 
(siN, 5′-UUCUCCGAACGUGUCACGUTT-3′) were acquired from Tsingke 
(Shanghai, China). These siRNAs were transfected into CHS cells using 
Lipo8000™ Transfection Reagent (Beyotime, C0533) when the cells 
reached a confluency of 30–50 %. Approximately 6 h post-transfection, 
the medium containing transfection reagents was exchanged with full 
DMEM medium. After 48-h cell culture, qRT-PCR and WB analysis were 
performed to confirm that FBXO22 was down-regulated. 

4.6. Western blot analysis and antibodies 

Protein extracts underwent SDS-PAGE separation and subsequent 
transfer onto a nitrocellulose membrane (PALL, 66485), which was then 
blocked by 5 % skimmed milk in PBS and sequentially incubated with 
the indicated primary and secondary antibody using Odyssey CLx Sys-
tem and Image Studio (LI-COR Biosciences). Cropping of images from 
the original, unprocessed images was performed using Microsoft Pow-
erPoint 2021 and Adobe Photoshop CC 2018. 

The following primary antibodies were utilized in this procedure: 
rabbit Polyclonal antibody FBXO22 (1 μg/ml, Proteintech Group, 
13606–1-AP), rabbit Polyclonal antibody PD-L1/CD274 (1.4 μg/ml, 
Proteintech Group, 17952–1-AP), rabbit Polyclonal antibody CDK5 (1.8 
μg/ml, Proteintech Group, 10430-1-AP), and rabbit Polyclonal antibody 
GAPDH (0.12 μg/ml, Proteintech Group, 10494–1-AP). 

4.7. qRT-PCR analysis 

Total RNA was extracted in accordance with the manufacturer’s in-
structions using Trizol (TAKARA, 108–95-2). Subsequently, the RNA 
was reverse transcribed into cDNA using HiScriptII Reverse Transcrip-
tase (Vazyme, R222-01). This was followed by qRT-PCR utilizing the 
SYBR Green PCR Master Mix (Vazyme, Q711-02). The specific primers 
employed in the qRT-PCR are provided in Supplementary Table 1. 

4.8. Colony formation assay 

Colony formation assay was conducted by seeding 5000 cells/well 
for Re-HCS2/8 shN, Re-HCS2/8 shFBXO22 #2, Re-SW1353 shN or Re- 
SW1353 shFBXO22 #1. These cells were plated in six-well plates, and 
the culture medium was replaced every 2 days. After 1 weeks, the plates 
were stained with 1 % crystal violet (Sigma, C3886) and photographed. 
The analysis of the colonies was carried out using ImageJ (National 
Institutes of Health). Each experiment was repeated three times. 

4.9. Cell proliferation assay 

Using the Cell Counting Kit-8 (CCK8) assay (Beyotime Biotech-
nology, C0039), 5 × 103 cells were initially seeded into 96-well plates 
and allowed to incubate for 4 days, during which the culture medium 
was replaced every 2 days. Following the incubation, CCK8 solution was 
added to the wells of the plates and allowed to incubate for 1 h. The 
optical density (OD) value at 450 nm (Elx 800; BioTek Instruments) was 
then measured. 

4.10. Wound healing assay 

CHS cells were plated in 6-well culture plates and grown to 90 % 
confluence. Wounds were created using a 1000 μl micropipette tip. 

Cultures were rinsed with PBS and replaced with FBS-free DMEM, 
following which the cells were incubated at 37 ◦C for 24 h. Photographs 
were taken at 0 and 24 h and the area of the scratch was measured by 
Image J. Calculated cell migration rate= (0 h area − 24 h area)/0h area ×
100 %. 

4.11. Flow cytometry 

Flow cytometry was performed using Annexin V-APC/PI Apoptosis 
Kit (Elabscience, E-CK-A217) according to the manufacturer’s in-
structions. After digestion, cells were adjusted to a density of 1 × 105 

cells/mL with Annexin V Binding Buffer, and incubated with Annexin V- 
APC Reagent and propidium iodide Reagent staining in the dark at room 
temperature for 15 min. After incubation, cells were diluted with 
Annexin V Binding Buffer and analyzed with a flow cytometer (BD 
Bioscience). 

4.12. Immunohistochemistry 

After immobilizing tumor tissue in 4 % paraformaldehyde for 24–48 
h, tissues were embedded in paraffin, and cut into 4 μm sections. For IHC 
staining, these paraffin embedded tissue sections were deparaffinized, 
rehydrated, and subjected to heat-mediated antigen retrieval. After 
natural cooling, a 3 % hydrogen peroxide solution was applied to 
deactivate endogenous peroxidase for approximately 10 min. Following 
this step, the slides were washed three times with PBS. Subsequently, 
they were blocked with 5 % bovine serum albumin (BSA) at room 
temperature for a period of 30 min. The sections were immunostained 
with FBXO22(1:200, Proteintech Group, 13606–1-AP) or PD-L1/CD274 
(1:300, Proteintech Group, 17952–1-AP) primary antibody and incu-
bated at 4̊C overnight. On the second day, the slides were subjected to 
three 5-minute washes with PBS. Following this, they were incubated 
with the corresponding secondary antibody at room temperature for 1 h. 
After another three washes with PBS, the following steps were carried 
out: diaminobenzidine (DAB) staining, hematoxylin staining, dehydra-
tion using a gradient of ethanol, and finally, transparency achieved by 
submersion in xylene. 

4.13. Statistical analysis 

As outlined in the figure legends, statistical analyses were conducted 
employing the Student’s t-test or Mann-Whitney U test. A significance 
level of P < 0.05 was used to determine statistical significance. The 
experiments were independently replicated a minimum of three times, 
consistently yielding similar results. The statistical analysis and figure 
generation were conducted using Prism 8.0 software (GraphPad Soft-
ware) and SPSS version 25.0 (IBM). The data presented in the figures 
represent the average of three independent experiments and are 
expressed as the mean ± standard deviation (SD). Abbreviation: NS in-
dicates not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001. 
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