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A B S T R A C T   

Multiple cancers have been associated with MYB-related protein B (MYBL2), its involvement in 
clear cell renal cell carcinoma (ccRCC) has yet to be demonstrated. Our study revealed a sig-
nificant upregulation of MYBL2 in ccRCC tissues, correlating with clinicopathological features 
and patient prognosis. Increased MYBL2 expression promoted cell proliferation and suppressed 
apoptosis. RNA-seq analysis unveiled a reduction in smoothened (SMO) expression upon MYBL2 
silencing. However, luciferase and chromatin immunoprecipitation (ChIP) assays demonstrated 
MYBL2’s positive regulation of SMO expression by directly targeting the SMO promoter. Rein-
troduction of SMO expression in MYBL2-knocked down cells partially restored cell proliferation 
and mitigated apoptosis inhibition. Overall, these results indicate that MYBL2 facilitates ccRCC 
progression by enhancing SMO expression, suggesting its potential as an intriguing drug target for 
ccRCC therapy.   

1. Introduction 

Renal cell carcinoma (RCC) stands out as a prevalent genitourinary cancer, representing 2-3% of all adult malignancies, with both 
its incidence and morbidity rate on the rise [1,2]. The most common subtype of RCC is the clear cell renal cell carcinoma (ccRCC), 
which accounts for 90% of all cases. At present, lymph node or distant metastases are the first signs of ccRCC in 25-30% of patients. 
Moreover, over 30% of patients are likely to experience a recurrence after undergoing curative surgery. This culminates in a bleak 
prognosis, with a five-year survival rate ranging only from 50 to 69% [3–5]. Therefore, additional efforts are needed to investigate the 
biological mechanisms underlying ccRCC progression. 

The protein MYBL2, alternatively referred to as B-MYB, is a member of the MYB transcription factor family and is situated at the 
20q13 locus. It was initially identified as a gene associated with myeloblastosis, signaling its relation to tumor growth. Acknowledged 
as a key gene driving cancer development, MYBL2 exhibits widespread expression in proliferating cells [6,7]. Previous research has 
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clarified the crucial role of MYBL2 in cancer progression [8–10]. However, the function of MYBL2 and its molecular mechanisms 
within ccRCC remains relatively under-investigated. 

The Hedgehog (HH) signaling pathway is a well-conserved pathway originally discovered in Drosophila melanogaster. It is instru-
mental in embryonic development, wound healing, and upholding tissue homeostasis [11,12]. While it remains primarily inactivated 
or minimally activated under typical physiological circumstances, anomalies in the HH signaling pathway can instigate tumorigenesis. 
It is also linked with aggressive cancer characteristics, including neoplastic transformation, tumor progression, metastasis, and 
resistance to drugs [13–15]. Thus, the HH signaling pathway stands recognized as a potential therapeutic target. The Hedgehog (HH) 
signaling pathway involves a variety of molecules. These include Hedgehog ligands such as the Sonic, Indian, and Desert Hedgehogs, 
the multi-transmembrane protein patched (PTCH) molecules like PTCH-1 and PTCH-2, smoothened (SMO) molecules, and GLI Zinc 
finger proteins. Out of these, SMO plays a pivotal role as a signal transducer in the HH pathway, activating downstream GLI molecules 
and inducing the expression of a plethora of target genes within the HH pathway. Several studies have demonstrated that aberrations in 

Fig. 1. MYBL2 exhibits overexpression in ccRCC. (A) Comparison of MYBL2 expression in 533 RCC tissue samples with 72 adjacent normal tissues 
(TCGA datasets). Analysis of MYBL2 mRNA (B) and protein (C) levels in RCC tumor tissues and corresponding adjacent nontumor tissues. (D) 
Representative immunohistochemical staining of MYBL2 in RCC tumor tissues compared with peritumor tissues. Scale bar = 50 μm. (E) Western blot 
analysis of MYBL2 expression in RCC cell lines and normal HK-2 cells. (F) Reverse transcription quantitative PCR analysis of MYBL2 expression in 
RCC cell lines and normal HK-2 cells. The data are presented as the mean ± standard deviation (SD) of experiments (n = 3 biological replicates). *p 
< 0.05, **p < 0.01, ***p < 0.001. 
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HH signaling can support ccRCC carcinogenesis and progression [16,17]. Nevertheless, the exact connection between MYBL2 and the 
HH signaling pathway remains unclear. 

This study undertook a analysis of MYBL2 expression in ccRCC. Overexpression of MYBL2 was associated with reduced survival 
among ccRCC patients. Further mechanistic examinations elucidated the transcriptional regulatory association with the downstream 
gene, SMO, thereby providing a potential therapeutic target for ccRCC patients. 

2. Results 

2.1. MYBL2 exhibits overexpression in ccRCC 

According to The Cancer Genome Atlas (TCGA) datasets, MYBL2 was significantly upregulated in primary tumor tissues. What’s 
more, analysis of 116 surgically resected tumor tissues and paracancerous tissues from ccRCC patients revealed elevated MYBL2 
expression in ccRCC (Fig. 1A, B, C). Immunohistochemical staining also revealed high MYBL2 expression in ccRCC tissues (Fig. 1D). 

Next, we evaluated MYBL2 expression in ccRCC cell lines (769-P, 786-O, Caki-1, Caki-2, and ACHN) and HK-2 cells. Our findings 
revealed a notable increase in MYBL2 expression across all ccRCC cell lines compared to HK-2 cells (Fig. 1E and F). 786-O cells 
displayed the lowest levels of MYBL2, while Caki-1 cells displayed the highest levels. Therefore, further experiments were conducted 
with 786-O and Caki-1 cells. These findings emphasize the substantial upregulation of MYBL2 expression in ccRCC. 

2.2. Elevated MYBL2 expression is associated with an unfavorable prognosis in ccRCC patient 

A threshold of 2.414 was selected in order to assess the clinical relevance of MYBL2 expression in ccRCCs by dividing patients into 
groups with high and low MYBL2 expression. MYBL2 expression was found to have a positive correlation with tumor size, TNM stage, 
and histological grade. However, no significant correlations were observed between MYBL2 expression and patient age, sex, or tumor 
location (Table 1). Importantly, higher MYBL2 levels in ccRCC patients led to significantly poorer RFS and OS compared to RFS and OS 
of ccRCC patients with lower levels of MYBL2 (Fig. 2A and B). Based on these data, lower MYBL2 expression may confer a survival 
advantage for ccRCC patients. 

2.3. MYBL2 has potent oncogenic functions in ccRCC 

We employed a lentiviral approach to downregulate MYBL2 expression in Caki-1 cells and induce its overexpression in 786-O cells. 
Transfection efficiency was assessed using WB and qRT-PCR. In Fig. 3A and B, Caki-1 cells exhibit a significant decrease in MYBL2 
expression. 

MYBL2 knockdown notably decreased the viability of Caki-1 cells (Fig. 3C). Anomalously high MYBL2 expression boosted colony 
formation in 786-O cells, whereas MYBL2 knockdown attenuated the proliferation of Caki-1 cells (Fig. 3D). Additionally, results from 
EdU assays provided further validation of MYBL2’s impact on ccRCC cell proliferation (Fig. 4A). Caki-1 cells were significantly 
suppressed by MYBL2 inhibition, while 786-O cells were significantly increased by MYBL2 overexpression. The percentage of 
apoptotic cells was higher in Caki-1 cells that were knocked down for MYBL2 than those in shNC cells. In contrast, MYBL2 over-
expression significantly reduced apoptosis (Fig. 4B) in 786-O cells. Based on these findings, MYBL2 promotes ccRCC cell proliferation 

Table 1 
Association between MYBL2 expression and clinicopathologic features of patients in RCC.  

Clinicopathological indexes MYBL2 expression χ2 P value 

High Low 

All cases 55 61   
Age (years)   0.091 0.927 
≤60 23 25 
＞60 32 36 
Gender   1.391 0.164 
Male 31 42 
Female 24 19 
Laterality   0.344 0.732 
Left 27 28 
Right 28 33 
Tumor size (cm)   2.066 0.039* 
≤7 21 35 
>7 34 26 
TNM staging   2.209 0.027* 
I + II 16 30 
III + IV 39 31 
Histological Grade   3.306 <0.001* 
I-II 25 46 
III-IV 30 15 

*indicates p < 0.05. 
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and inhibits apoptosis. 

2.4. Hedgehog signaling pathway is involved in the function of MYBL2 

To identify the underlying mechanisms that lead to biological functions in cell proliferation and apoptosis induced by MYBL2, next- 
generation sequencing (NGS) was performed in MYBL2-knockdown and negative control Caki-1 cells (Fig. 5A). Subsequent to the 
silencing of MYBL2, there emerged 67 differentially expressed genes (DEGs) which saw an upregulation, and 298 DEGs experienced a 
decrease (Fig. 5B). The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis demonstrated that alterations in representative 
DEGs were enriched in the Hedgehog signaling pathway (Fig. 5C and D). 

SMO plays a crucial role as a signal transducer in the Hedgehog pathway, influencing cell apoptosis, migration, and invasion, 
particularly in ccRCC [18]. For a deeper comprehension of the relationship between MYBL2 and SMO, we conducted qRT-PCR to 
investigate the expression profiles of SMO in ccRCC samples. Correlation analysis results revealed positive associations between 
MYBL2 and SMO expression in ccRCC patients (Fig. 5E). 

2.5. SMO expression was regulated by the MYBL2 

To explore the mechanisms behind MYBL2-induced ccRCC progression, we examined the expression patterns of SMO. MYBL2 
overexpression led to a reduction in SMO level (Fig. 6A and B). Furthermore, Moreover, Gli1, a crucial factor downstream of SMO, 
demonstrated elevated in cells that overexpressed MYBL2, while it was significantly diminished in cells with silenced MYBL2 
expression. Next, we predicted the MYBL2 binding site using the JASPAR database. (Fig. 6C and D). The luciferase assay showed a 
significant increase in luciferase activity of the SMO-WT promoter upon co-transfection with MYBL2. However, mutating the MYBL2 
binding site to CDCA3 resulted in a notable decrease in this activation effect (Fig. 6E). Further validation was performed using a ChIP 
assay to confirm MYBL2’s binding to the SMO promoter (Fig. 6F). Collectively, these findings indicate that MYBL2 positively mod-
ulates SMO expression by directly interacting with the SMO promoter. 

2.6. MYBL2 influenced ccRCC proliferation and apoptosis by transactivating SMO 

To explore the involvement of SMO in the tumor-promoting actions of MYBL2 in ccRCC, SMO-overexpression plasmid was used to 
increase SMO expression in MYBL2-knockdown Caki-1 cells, whereas specific siRNAs were used to silence SMO in MYBL2- 
overexpressing 786-O cells. As shown in Fig. 7A–C, in MYBL2-knockdown Caki-1 cells, increased SMO expression significantly pro-
moted cell proliferation, while silencing SMO inhibited proliferation in 786-O cells (Figs. S1A–C). By flow cytometry, it was shown that 
SMO restored expression in MYBL2-knockdown Caki-1 cells reduced the cell apoptosis rate (Fig. 7D), while SMO knockdown led to the 
opposite effects (Fig. S1D). In addition, WB assays showed the restoration of SMO expression in MYBL2-knockdown Caki-1 cells 
decreased the expression of Bcl-2, whereas Bax expression was increased (Fig. 7E). However, silencing SMO in MYBL2-overexpressing 
786-O cells produced the opposite effect. (Fig. S1E). These findings indicate that MYBL2 influenced ccRCC proliferation and apoptosis 
by transactivating SMO. 

2.7. MYBL2 upregulation contributed to ccRCC progression in vivo 

To further explore the potential contribution of MYBL2 to tumor cell growth, Caki-1 and 786-O cells were subcutaneously 
implanted into the nude mice. Tumors originating from MYBL2 knockdown cells exhibited slower growth compared to those from NC 
cells (Fig. 8A–C). We also noted a decrease in SMO protein expression in the shMYBL2 group, while an increase was observed in the 
MYBL2 group (Fig. 8D and E). Furthermore, lower Ki67 and SMO expressions were observed in the shMYBL2 group. Based on these 
results, MYBL2 promotes ccRCC tumorigenesis and enhances SMO expression in vivo (Fig. 8F). 

Fig. 2. Elevated MYBL2 expression is associated with an unfavorable prognosis in ccRCC patient. Kaplan–Meier curves of RFS (A) and OS (B) of RCC 
patients based on MYBL2 expression levels. *p < 0.05, **p < 0.01, ***p < 0.001. 
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3. Discussion 

Despite improvements in diagnosing and treating ccRCC patients, statistical analysis shows that the five-year overall survival rate 
has remained unsatisfactorily low over the past few decades. Targeted drugs and immunotherapy offer innovative approaches for 
treating ccRCC. However, their efficacy is hampered by adverse side effects and acquired resistance, limiting their effectiveness to only 
30% of the patient population. 

The development and progression of tumors hinge on the interplay between cell-autonomous and cell-non-autonomous mecha-
nisms. MYBL2, a reported driver in various malignancies, significantly influences this process. A study by Liu W et al. on bladder 
cancer, for instance, found that the absence of MYBL2 halted cell proliferation and migration, while its overexpression had the contrary 
effect [19]. Moreover, MYBL2 functions as a key transcription factor of CDCA8, heightening its expression that invariably escalates 
chemoresistance and aggressiveness in ovarian cancer [20]. Sun et al.’s prior study indicated that the upregulation of MYBL2 inde-
pendently predicted a poorer prognosis in ccRCC patients [21]. Our investigation unveiled a substantial increase in MYBL2 levels in 
most ccRCC cell lines and tumor samples, in contrast to normal kidney cells and adjacent tissues. Furthermore, elevated MYBL2 levels 
were linked with higher postoperative recurrence rates and decreased overall survival in ccRCC patients. Experimental evidence also 
indicated that MYBL2 overexpression fosters tumor cell growth, both in the laboratory and in living organisms. Additionally, high 
MYBL2 expression might inhibit apoptosis by stimulating Bcl-xl and concurrently suppressing Bax expression. In-depth analysis of RNA 
sequencing data suggested that MYBL2 knockdown inhibits SMO expression, providing valuable insight into the complex function of 
MYBL2 in tumor progression. 

The activity of MYBL2 is highly regulated at transcriptional levels [22,23]. Stimulation of the Akt/FOXM1 pathway markedly 
enhanced MYBL2 expression [24]. In addition, as a direct molecular motif kinase 1 (UHMK1) interaction partner, MYBL2 is enriched in 
the nucleus stimulated by UHMK1, and then regulates cell cycle progression [25]. Furthermore, investigations have been conducted on 
the interaction of MYBL2. Li et al. documented that MYBL2 might augment the castration-resistant growth of androgen-dependent 
prostate cancer cells by boosting the transcriptional activity of RACGAP1, a pivotal inhibitor of Hippo signaling [26]. MYBL2 is 
essential in colorectal cancer (CRC) for promoting DNA synthesis and cell cycle progression by binding directly to the RRM2 promoter 
[27]. In this research, a direct correlation was noted between MYBL2 and SMO expression. Furthermore, we provided evidence that 
MYBL2 directly interacts with the SMO promoter region, stimulating gene transcription. Beyond transcriptional control, epitran-
scriptomic RNA modifications also play a crucial role in gene regulation, influencing cancer progression [28,29]. A study by Xie et al. 
on bladder cancer demonstrated that N-acetyltransferase 10 (NAT10) binds and stabilizes AHNAK mRNA, protecting it from exo-
nucleases and contributing to cisplatin resistance. Moreover, a multitude of tumor-associated immune cells, particularly 
tumor-associated macrophages and tumor-associated neutrophils, are recognized for their pivotal role in cancer metastasis [30]. 
Whether MYBL2 possesses the aforementioned functions affecting the occurrence, development, and drug resistance of ccRCC, further 
experimental verification is needed. 

The Hedgehog (HH) signaling pathway, a frequently observed oncogenic mechanism, is significantly activated in patients with 
initial-stage RCC. Numerous investigations have further unveiled that abnormal HH signaling has strong associations with tumor 
dimensions, tumor angiogenesis, and the stemness of cancer cells. This aberration is also indicative of an elevated likelihood of lymph 
node metastasis and higher postoperative recurrence rates [31–33]. Under normal circumstances, when the HH signaling pathway is in 
action, HH ligands engage with PTCH1. This connection lifts the suppressive effect of PTCH on SMO, instigating the downstream 
translocation of GLI molecules that promote tumor growth. Thus, SMO emerges as a crucial target in cancer therapy [34–36]. Elevated 
PTCH levels and decreased SMO expression are key indicators linked to better survival rates in ccRCC patients [37]. However, the 
mechanism underlying MYBL2’s regulation of the HH signaling pathway remains elusive. This research revealed a strong connection 
between the expression patterns of MYBL2 and SMO. Furthermore, SMO gene silencing partially reversed the proliferative and 
anti-apoptotic abilities of MYBL2 in cells. Bai et al. revealed that HOTAIR would promote tumor angiogenesis and increasing cancer 
stemness in RCC. They also found a critical link between HOTAIR and the Hedgehog pathway, particularly with GLI2. In fact, they 
discovered that HOTAIR interacts directly with AR, and they can cooperatively bind to the GLI2 promoter, thereby enhancing its 
transcription activity [38]. Regardless of these significant findings, research regarding the role of the Hedgehog pathway in ccRCC still 
lags in comparison to studies on other malignant tumors. 

This study has certain limitations. Initially, our investigation primarily focuses on the influence of MYBL2 on the proliferation and 
apoptosis in ccRCC. However, existing research indicates that MYBL2 is implicated in promoting tumor cell migration and drug 
resistance [39,40]. Subsequent studies will delve into an in-depth exploration of MYBL2’s involvement in the migration of ccRCC and 
its resistance to sunitinib. Additionally, earlier research has demonstrated that MYBL2 derived from tumors transcriptionally activates 
CCL2, leading to the recruitment of M2-like macrophages in both clinical tumor tissues and model mice [41]. This finding underscores 
the correlation between MYBL2 and immune infiltrates in cancer. Our next step involves collecting additional tissue samples from 
ccRCC patients undergoing immunotherapy, with the aim of further clarifying MYBL2’s role in immunotherapeutic approaches for 

Fig. 3. MYBL2 has potent oncogenic functions in RCC. Caki-1 cells transfected with shRNA targeting MYBL2 were designated as shMYBL2, while 
cells transfected with empty lentiviral vectors served as negative controls (shNC). 786-O cells were transfected with lentiviruses overexpressing 
MYBL2, designated as MYBL2, with cells transfected with empty lentiviral vectors serving as controls (Vector). Validation of MYBL2 expression was 
conducted through Western blot analysis (A) and qRT-PCR (B). The CCK-8 assay results (C) depict the effects on cell viability of Caki-1 and 786-O 
cells following silencing or overexpression of MYBL2. Colony formation assay results (D) illustrate the impact on colony formation of Caki-1 and 
786-O cells after knockdown or overexpression of MYBL2. The data are presented as the mean ± standard deviation (SD) of experiments (n = 3 
biological replicates). *p < 0.05, **p < 0.01, ***p < 0.001. 
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Fig. 4. MYBL2 has potent oncogenic functions in RCC. (A) The EdU assay was employed to evaluate the proliferation of Caki-1 and 786-O cells after 
MYBL2 knockdown or overexpression. Scale bar = 50 μm. (B) Flow cytometry was utilized to determine the apoptosis rate of Caki-1 and 786-O cells 
following MYBL2 knockdown or overexpression. The data are presented as the mean ± standard deviation (SD) of experiments (n = 3 biological 
replicates). *p < 0.05, **p < 0.01, ***p < 0.001. 
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Fig. 5. SMO expression is closely related to MYBL2 expression in vitro. (A) Heatmap illustrating the Differentially Expressed Genes (DEGs) in the 
MYBL2 silenced (shMYBL2) and negative control (shNC) groups. DEGs with a log2 fold change (FC) > 1 are depicted in red, while those with a log2 
FC < 1 are shown in green. (B) Volcano plot displaying the DEGs in the shMYBL2 and shNC groups of Caki-1 cells. (C) Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis revealing the primary signaling pathways participated in by the DEGs. (D) Gene set enrichment analysis (GSEA) of the 
RNA-seq data indicating the suppression of the Hedgehog signaling pathway following MYBL2 silencing. (E) Positive correlation in the expression 
patterns of MYBL2 and SMO observed in RCC specimens. The data are presented as the mean ± standard deviation (SD) of experiments (n = 3 
biological replicates). *p < 0.05, **p < 0.01, ***p < 0.001. 
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ccRCC. 
In summary, our findings demonstrate that MYBL2 governs the transcription of SMO. Consequently, this contributes to the ma-

lignant characteristics observed in ccRCC cells. According to these results, MYBL2 may be a potential target for future ccRCC 
treatments. 

4. Materials and methods 

4.1. Tissue specimens 

Approval for the study protocol was granted by the Research Ethics Committee at Peking Union Medical College Hospital. Informed 
consent was obtained from all individuals. The ccRCC and corresponding paracancerous tissues were collected post partial or radical 
nephrectomy, with histological confirmation of their nature. 

Fig. 6. SMO expression level was regulated by MYBL2. (A) SMO expression was evaluated by Western blot analysis. (B) qRT-PCR was performed to 
assess SMO expression levels. (C) The binding site of MYBL2 was retrieved from the JASPAR database. (D) Diagram depicting the predicted binding 
site of MYBL2 on the SMO promoter, along with primers for ChIP-qPCR and design of wild-type/mutant SMO promoter plasmids. (E) Quantification 
of luciferase activity in cells transfected with the MYBL2 promoter reporter. (F) Evaluation of MYBL2 enrichment on the SMO gene promoter using 
ChIP analysis, with IgG serving as a negative control. The data are presented as the mean ± standard deviation (SD) of experiments (n = 3 biological 
replicates). *p < 0.05, **p < 0.01, ***p < 0.001. 
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4.2. Cells culture 

The human ccRCC cell lines 769-P, 786-O, Caki-1, Caki-2, and ACHN, along with human renal epithelial cell lines HK-2 and 293T 
cells, were obtained from the American Type Culture Collection (Manassas, VA, USA). Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 100 mg/mL penicillin/streptomycin was used as a culture medium. The cells were cultured in 
humidified incubators with 5% CO2 at 37 ◦C. 

Fig. 7. MYBL2 influenced ccRCC proliferation and apoptosis by transactivating SMO. (A–D) Analysis of CCK-8, colony formation, EdU, and cell 
apoptosis in MYBL2-knockdown Caki-1 cells transfected with the SMO plasmid or vector. Scale bar = 50 μm. (E) Protein expression of SMO, along 
with the anti-apoptotic proteins Bax and Bcl-xl, in Caki-1 cells transfected with the MYBL2 knockdown lentivirus (shMYBL2) and SMO- 
overexpression plasmid. Scale bar = 50 μm. The data are presented as the mean ± standard deviation (SD) of experiments (n = 3 biological 
replicates). *p < 0.05, **p < 0.01, ***p < 0.001. 
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4.3. Western blot analysis 

Cell lines or tissues were centrifuged at 14,000 g for 15 min at 4 ◦C after being extracts with RIPA lysis buffer. SDS-PAGE was used 
to separate the proteins and PVDF membrane was used to transfer them. In this investigation, the following primary antibodies were 
utilized: MYBL2 (ab238825, Abcam, 1:1000), SMO (ab52771, Abcam, 1:1000), Bax (ab32503, Abcam, 1:1000), Bcl-xl (ab32124, 
Abcam, 1:1000), and GAPDH (ab8245, Abcam, 1:1000); Protein signals were detected using a chemiluminescence kit from Bio-Rad. 

4.4. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) 

The manipulations were carried out as previously described. The results were calculated using the 2− ΔΔCT method. We used the 
following primers to amplify the target mRNA and internal control mRNA: MYBL2 forward (5′-CTTGAGCGAGTCCAAAGACTG-3′) and 
reverse (5′-AGTTGGTCAGAAGACTTCCCT-3′); SMO forward (5′-GCTCTTACTGACTGGCATGAG-3′) and reverse: (5′- 

Fig. 8. MYBL2 upregulation contributed to RCC progression in vivo. (A–C) Representative images of tumors originating from lentivirus-mediated 
MYBL2-silenced Caki-1 cells and MYBL2-overexpressing 786-O cells. Tumor volume and weight were measured. (D) Analysis of MYBL2 expression 
levels in the xenografts by qRT-PCR. (E) Detection of SMO expression levels in xenografts by Western blot analysis. (F) Immunostaining images 
showing the expression levels of Ki-67 and SMO in xenografts. Scale bar = 50 μm. The data are presented as the mean ± standard deviation (SD) of 
experiments (n = 3 biological replicates). *p < 0.05, **p < 0.01, ***p < 0.001. 
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GAGTCATGACTCCTCGGATGAGG-3′) and GAPDH forward (5′-GGAGCGAGACCCTCCAAAAT-3′) and reverse (5′-GGCTGTTGTCA-
TACTTCTCAT GG-3′). 

4.5. Cell transfection 

To establish stable cell lines, both Caki-1 and 786-O cell lines were transfected with lentiviruses containing MYBL2 knockdown, a 
negative control (shMYBL2/shNC), MYBL2 overexpression, or scrambled sequences (MYBL2/Vector) provided by GenePharma 
(Shanghai, China). Following is the sequence of shRNAs: 5′-GCCAUGGACCAAAGAGGAATT-3’ (shMYBL2-1), 5′-CCUUCCUG-
GAUUCCUG-UAATT-3’ (shMYBL2-2). siRNA and plasmid transfection SMO expression vectors were also synthesized by GenePharma. 
According to the product manual, Lipofectamine 3000 Transfection Reagent was used to transfect the cells with SMO cDNA and siRNA. 

4.6. Cell viability assay 

Add 100 μl of PBS to each well in the outermost row of a 96-well plate. Then, seed tumor cells into the 96-well plate, with each well 
containing 100 μl of medium containing 1000 cells. After 24 h, add 10 μl of CCK-8 reagent (Dojindo, Japan) to each well. Following the 
2-h incubation period, under conditions avoiding light, measure the absorbance at 450 nm using a spectrophotometer, and record the 
daily changes in cell absorbance. 

4.7. Colony formation assay 

The Caki-1 and 786-O cells, stably transfected, were seeded in six-well plates at a density of 1000 cells per well. Cultured in DMEM 
containing 10% fetal bovine serum (FBS) for two weeks, the colonies were harvested, fixed in 4% paraformaldehyde for 15 min, and 
stained with 0.1% crystal violet. 

4.8. The 5-ethynyl-2′-deoxyuridine (Edu) proliferation assay 

A total of 2 × 105 cells were cultured in a 12-well plate for 24 h. Subsequently, they were treated with 2% glycine and 0.5% Triton 
X-100 for 30 min, followed by staining with Apollo staining reaction buffer for 30 min and DAPI for 15 min. Fluorescence microscopy 
was employed to assess the EdU incorporation rate. 

4.9. Flow cytometry assay 

Flow cytometry and Annexin V staining were employed to assess apoptosis following the manufacturer’s instructions. Briefly, 5 ×
105 cells were harvested, washed twice with assay buffer, and analyzed by flow cytometry after extraction. 

4.10. Immunohistochemical (IHC) analysis 

The xenografts and ccRCC tissues were fixed in formalin and embedded in paraffin. The manufacturer’s instructions were followed 
when staining paraffin-embedded tissue sections. Two experienced pathologists independently evaluated and graded the MYBL2, 
SMO, and Ki67 expression levels. The proportions of positive tumor cells were assessed based on the following criteria: score 0 (0%– 
5%), score 1 (6%–25%), score 2 (26%–50%), score 3 (51%–75%), and score 4 (>75%). These criteria were also utilized to grade the 
intensity of protein staining: score 0 (negative staining), score 1 (weak staining - light yellow), score 2 (moderate staining - yellow- 
brown), and score 3 (strong staining - brown). Based on the staining intensity score multiplied by the percentage of positive tumor 
cells, the staining index (SI) was calculated. 

4.11. Luciferase reporter assay 

In brief, the promoter sequences of SMO-WT and SMO-MUT were cloned into a pGL3-promoter vector. We co-transfected luciferase 
reporter plasmids with 10 ng of pRL-TK Renilla plasmids into 293T cells. The luciferase activity was measured following a 48-h in-
cubation period. 

4.12. Chromatin immunoprecipitation (CHIP) assay 

The ChIP assay was conducted according to the manufacturer’s instructions using the Beyotime Chromatin Immunoprecipitation 
kit (Cell Signaling Technology, Danvers, MA, USA). The ChIP DNA underwent amplification via qRT-PCR. The sequences for SMO 
promoter were as follows: SMO forward, (5′-TAGTCCTTCCTACCCCAATTTCC-3′); SMO reverse, (5′-TTGGTCCTTAGCCACTCCTTC-3′). 

4.13. Tumor xenograft models 

Twenty male BALB/c nude mice aged 4 weeks old and weighing 18-20 g were purchased from the Laboratory Animal Resources 
Center of Peking Union Medical College and allocated them randomly into four groups: Caki-1-shMYBL2/shNC, and 786-O-MYBL2/ 
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vector. In the xenograft model, 2 × 106 cells suspended in 100 μL PBS per mouse were subcutaneously injected into the dorsal flank. 
After fixing in 4% paraformaldehyde, all samples were stained by immunohistochemistry. 

4.14. Statistical analysis 

In this study, mean and standard deviation (SD) were calculated using GraphPad Prism 8 and SPSS 20.0. Student’s t-tests were used 
to determine differences between the means. All log-rank tests and survival analyses were conducted using the Kaplan-Meier method. 
Statistical significance was defined as p < 0.05 for all analyses. 
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