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A B S T R A C T   

Small cell lung cancer (SCLC) is a fatal tumor type that is prone to drug resistance. In our previous 
study, we showed that human rhomboid-5 homolog-1 (RHBDF1) was differentially expressed in 5 
intrinsic cisplatin-resistant SCLC tissues compared with 5 intrinsic cisplatin-sensitive SCLC tissues 
by RNA sequencing, which intrigued us. We performed gain- and loss-of-function experiments to 
investigate RHBDF1 function, bioinformatics analysis, qRT-PCR, western blotting, and immuno-
precipitation to elucidate the molecular mechanisms as well as detect RHBDF1 expression in SCLC 
by immunohistochemistry. We found that RHBDF1 knockdown promoted cell proliferation and 
cisplatin chemoresistance and inhibited apoptosis in vitro and in vivo. These effects could be 
reversed by overexpressing RHBDF1 in vitro. Mechanistically, RHBDF1 interacted with YAP1, 
which increased the phosphorylation of Smad2 and transported Smad2 to the nucleus. Among 
clinical specimens, the RHBDF1 was a low expression in SCLC and was associated with clinico-
pathological features and prognosis. We are the first to reveal that RHBDF1 inhibited cell pro-
liferation and promoted cisplatin sensitivity in SCLC and elucidate a novel mechanism through 
RHBDF1/YAP1/Smad2 signaling pathway which played a crucial role in cisplatin chemo-
sensitivity. Targeting this pathway can be a promising therapeutic strategy for chemotherapy 
resistance in SCLC.   

1. Introduction 

Small cell lung cancer (SCLC), is one of the predominant pathological types of lung cancer, which accounts for 13–15 % of all lung 
cancer cases [1]. So far, chemotherapy is still validated as a standard treatment for SCLC [2], and immunotherapy has improved the 
prognosis for patients to a certain extent [3,4]. No specific and effective treatment has been developed to date. Therefore, further 
elucidating the molecular mechanisms underlying SCLC chemotherapy resistance is crucial. 

Based on the present treatment strategies, we detected that human rhomboid-5 homolog-1 (RHBDF1) was differentially expressed 
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in SCLC tissues of 5 intrinsic cisplatin-resistance and 5 intrinsic cisplatin-sensitivity by RNA sequencing [5,6]. RHBDF1 is a 
multi-transmembrane protein mainly located in the Golgi membrane and endoplasmic reticulum membrane [7,8]. RHBDF1 is a 
molecular switch that suppresses HIF1α degradation by interacting with the receptor of activated protein-C kinase-1 in breast cancer 
[9]. RHBDF1 regulates epithelial-to-mesenchymal transition (EMT) and proliferation through the Wnt/β-catenin pathway in colorectal 
cancer [10,11]. RHBDF1 knockdown inhibited cell proliferation, regulated cell cycle, and induced apoptosis by downregulating the 
expression of β-catenin, Myc, p-EGFR, and TGFBR2 and upregulating the expression of FAS in HeLa cells. RHBDF1 overexpression was 
associated with clinical features in cervical cancer [4]. However, the specific role and underlying molecular mechanisms of RHBDF1 in 
SCLC are yet to be identified. 

Based on the expression of transcriptional factors, namely ASCL1, NEUROD1, YAP1, and POU2F3, a study has suggested that SCLC 
can be classified into four distinct molecular subtypes, namely SCLC-A, SCLC-N, SCLC-Y, and SCLC-P, with distinct biology and 
therapeutic responses [12]. Many studies have shown that YAP1 plays a role in multidrug resistance (MDR). Song et al. suggested that 
YAP1 can induce MDR via CD74 inhibiting the apoptosis of SCLC [13]. A further study showed that WW domain binding protein 5 can 
regulate MDR by decreasing YAP1 phosphorylation levels at Serine 127 and inducing nuclear accumulation of YAP1 [14]. Interest-
ingly, many studies suggested that there is a crosstalk between Hippo and TGF-β signaling pathways. A previous study showed that 
TGF-β can induce the complex formation of YAP/TAZ-Smad2/3 in HaCaT cells, thereby coordinating cellular processes [15]. A study 
showed that Resveratrol inhibited the EMT of gastric cancer by downregulating the Hippo/YAP1 signaling pathway [6,7]. Notably, 
RASSF1A degradation facilitated YAP1 and Smad2 interaction and subsequent nuclear translocation of Smad2 [16]. However, the 
roles of YAP1 and Smad2 in the chemoresistance of SCLC are yet to be completely understood. 

In our study, based on bioinformatic analysis, we found that RHBDF1 was downregulated in SCLC and associated with overall 
survival (OS). Further studies showed that RHBDF1 suppressed proliferation and mediated cisplatin chemosensitivity by promoting 
apoptosis in vitro and in vivo. Subsequent studies showed that RHBDF1 interacts with YAP1 and contributes to the nuclear translocation 
of Smad2, thereby activating the Smad2 signaling pathway. Moreover, RHBDF1 expression has been determined in tissues obtained 
from 123 patients with SCLC and 71 adjacent lung tissue samples and associated with clinicopathological features. Therefore, in this 
study, we elucidated a new mechanism underlying the cisplatin chemoresistance in SCLC and provided a rationale for targeting 
RHBDF1 as a novel strategy to inhibit chemoresistance in SCLC. 

2. Materials and methods 

2.1. Data collection and bioinformatics analysis 

GSE149507 and GSE40275 gene chip datasets obtained from Gene expression omnibus (GEO, https://www.ncbi.nlm.nih.gov/gds/ 
) were employed to analyze the gene expression profiles, while the GSE60052 RNA sequencing dataset was used to verify the gene 
expression and for the subsequent analyses of clinical prognosis. NetworkAnalyst (https://www.networkanalyst.ca/) [4,13,17] was 
used to perform cluster analysis and t-SNE drawing for the GSE149507 dataset. Functional enrichment analysis was conducted using 
the R 4.0.2 software. We employed the STRING database (https://cn.string-db.org/) to predict the protein–protein interactions [18]. 

Abbreviations 

SCLC Small cell lung cancer 
RHBDF1 Human rhomboid-5 homolog-1 
GPCR G protein-coupled receptor 
EGFR Epidermal growth factor receptor 
EMT Epithelial-to-mesenchymal transition 
MDR Multidrug resistance 
DEGs Differentially expressed genes 
GEO Gene expression omnibus 
TNM Tumor node-metastasis 
HBE Human bronchial epithelial 
qRT-PCR quantitative reverse transcriptase polymerase chain reaction 
CCK-8 Cell Counting Kit-8 
SD Standard deviation 
GO Gene ontology 
BP Biological processes 
CC Cellular components 
MF Molecular function 
KEGG Kyoto Encyclopedia of Genes and Genomes 
KM Kaplan–Meier 
OS Overall survival 
DFS Disease-free survival  
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2.2. Clinical specimens 

The clinical specimens were collected between March 2014 and May 2020 and included 123 cases of surgical resection SCLC and 71 
cases of adjacent lung tissues. Among these, 78 patients (63.41 %) were men and 45 (36.59 %) were women. The age of the patients 
ranged from 34 to 75 years (median age: 60 years). Tumor node-metastasis (TNM) classification was performed with reference to the 
8th edition of the International Union Against Cancer System. The patients were followed until January 2022 or death or until the loss 
to follow-up; the median follow-up period was 53.7 months. 

2.3. Cell lines 

The human SCLC cell lines H446, H82, SHP77, H2227, and H1092 were purchased from the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China), and human bronchial epithelial (HBE) cells were provided by Heilongjiang Cancer Institute (Harbin, 
China). All cells were authenticated by short-tandem repeat (STR) analysis before being used for the experiments. The cells were 
maintained in the RPMI 1640 medium (HyClone, USA) supplemented with 10 % fetal bovine serum (Pan-Biotech, Germany) and 100 
mg/mL penicillin–streptomycin (Hyclone, USA). All cells were kept at 37 ◦C in a 5 % carbon dioxide atmosphere. 

2.4. Construction of stable cell lines 

To stably overexpress RHBDF1 or YAP1, H446 cells were transfected with pLVX-Puro-RHBDF1-Flag or pLVX-Puro empty vector 
(Ousai Biotech, Shanghai, China) and pCMV-zsG-Puro-YAP1 or pCMV-zsG-Puro vector (Genechem Biotech, Shanghai, China) using 
jetPRIME® (Polyplus-transfection® SA, Strasbourg, France). Briefly, 2 × 105 cells were seeded into a 6-well plate with 2 mL of the 
culture medium per well 24 h before transfection. JetPRIME® reagent was applied to transfect the above-mentioned vectors when the 
cell confluence reached 60–80 %. After replacing the medium 4 h after transfection, the cells were continuously cultured for 24–48 h 
before screening with 0.5 μg/mL of puromycin. The surviving cells were cultured for further identification and experiments. According 
to the manufacturer’s protocol, H2227 cells were transfected with hU6-MCS-CBh-gcGFP-IRES-puro-RHBDF1 or hU6-MCS-CBh-gcGFP- 
IRES-puro empty vector, these lentiviral shRNA were sourced from Genechem Biotechnology (Shanghai, China). 

2.5. Real-time PCR 

Total RNA from the cells was extracted with TRIzol reagent (Invitrogen, Carlsbad, USA) in accordance with the manufacturer’s 
protocol. RNA was reverse transcribed into cDNA using the FastKing gDNA Dispelling RT Supermix Kits (TIANGEN Biotech, Beijing, 
China). The FastStart Universal SYBR Green Master Rox (Roche, Switzerland) and StepOnePlus Real-time PCR System (Applied 
Biosystems, USA) were used for qRT-PCR. GAPDH was used as the internal reference. The primers used in this study are listed in 
Table S1. 

2.6. Western blotting 

Western blotting was performed as described elsewhere [19,20]. Details for all the antibodies used are provided in Table S2. 
Cytosolic and nuclear protein extractions were performed using the Cytoplasmic and Nuclear Extraction Kit (Beyotime, Shanghai, 
China) in accordance with the manufacturer’s instructions. 

2.7. Cell proliferation assays 

For this assay, 5 × 103 cells/well were seeded into a 96-well plate and examined on 0–72h by using the Cell Counting Kit-8 (CCK-8) 
kit (MCE, China) at 450 nm absorbance to observe cell viability. However, 8 × 103 cells/well were seeded into a 96-well plate and 
examined on 24h by using the CCK-8 kit (MCE, China) at 450 nm absorbance to detect the cell sensitivity to cisplatin. In addition, the 
YF®594 Click-iT EdU Imaging Kit (Bioscience, Shanghai, China) was used to detect cell proliferation and visualize the same by 
fluorescence microscopy as per the manufacturer’s instructions. 

2.8. Apoptosis analysis 

The experimental cells were digested with EDTA-free trypsin and washed twice with PBS, after which 5 μL of Annexin V-APC and 5 
μL 7-AAD (KeyGEN BioTECH, Nanjing, China) were sequentially added to the cell suspension and incubated for 15 min at room 
temperature in the dark. Flow cytometry was performed to determine cell apoptosis (Beckman CytoFLEX, USA). 

2.9. Immunoprecipitation 

The cell protein samples were collected as described in the Western blotting section for further analyses. Protein A/G magnetic 
beads (MCE, China) were prewashed thrice with 400 μL of the binding buffer and incubated with the indicated concentration of 
antibody for 1 h at room temperature on a rotating incubator, resulting in the formation of magnetic beads–antibodies complexes, in 
which 400 μL of the prepared protein samples were added and mixed with rotation at 4 ◦C overnight. The antigen–antibody magnetic 
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bead complex was washed 5 times with phosphate-buffered saline containing Tween detergent (PBST). After the addition of 60 μL of 1 
× SDS–PAGE loading buffer, the lysate was boiled for 5 min to prepare for Western blotting. 

2.10. Xenograft model 

Five-week-old female BALB/c nude mice were purchased from Beijing Vital River Laboratory. A total of 5 × 106 H2227 cells were 
stably transfected with shNC or shRHB and subcutaneously injected into the left axilla of the experimental mice. For cisplatin treat-
ment, 5 mg/kg cisplatin was injected thrice intraperitoneally every alternate day. SB431542 (Beyotime, Shanghai, China) was injected 
intraperitoneally (6 mg/kg, every alternate day for 7 times). The tumor size was calculated twice a week, and the tumor volume was 
calculated using the following formula: 0.5 × lengths × width × width. The mice were sacrificed when the maximum tumor diameter 

Fig. 1. RHBDF1 increased sensitivity of SCLC cells to cisplatin. The mRNA and protein levels of RHBDF1 were detected in HBE cells and SCLC cells 
by qRT-PCR (HBE was normalized to 1) (A) and western blotting (B). RHBDF1 overexpression in H446 cells were verified by qRT-PCR (C) and 
western blotting (D) after stably transfected with pLVX-Puro-RHBDF1-Flag recombinant vector or pLVX-Puro empty vector. The expression of 
RHBDF1 in H2227 cells were verified by qRT-PCR (shNC was normalized to 1) (E) and western blotting (F) after stably transfected with lentiviruses 
shRHBDF1 (shRHB#1, 2, 3) or empty vector. H446-RHB (left panel), H2227-shRHB (right panel) and corresponding control cells were treated with 
gradually increased concentration of cisplatin for 24 h, and cell viability was determined by a CCK-8 assay. The IC50 value of H446-vector was 2.42 
(2.10–2.82) μg/mL, while the IC50 value of the H446-RHB was 1.18 (1.07–1.30) μg/mL. The IC50 value of H2227-shNC was 6.82 (5.71–8.58) μg/ 
mL, while the IC50 value of the H2227-shRHB was 15.60 (10.93–33.06) μg/mL (G). Cell proliferation was analyzed by a CCK-8 assay at 0, 24, 48, 
72h (H) and an EdU incorporation assay at 72h (I) both in RHBDF1-overexpressing H446 cells and RHBDF1-knockdown H2227 cells with 0.5 μg/mL 
cisplatin for 24 h. The apoptotic rate was detected by flow cytometric analysis in H446-RHB cells and H2227-shRHB cells treated with 0.5 μg/mL 
cisplatin for 24 h (J). The protein levels of apoptosis markers were examined by western blotting in H446-RHB cells and H2227-shRHB cells with 
treatment of 0.5 μg/mL cisplatin for 24 h (K). β-actin was normalized to 1 in western blotting. N = 3 technical replicates, experiment was repeated at 
least 3 times. (*p < 0.05, **p < 0.01, ****p < 0.0001). 
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reached 1.5 cm or after 30 days of inoculation. 

2.11. Immunohistochemistry 

Immunohistochemistry was performed as described previously [19,20]. The immunostaining intensity was scored 0, negative 
staining; 1 +, weak staining; 2 +, moderate staining; 3 +, strong staining. The percentage of positive cells was assigned as follows: 0, 0 
%; 1, ≤10 %; 2, 10–50 %; 3, >50 %. The final scores were calculated as the staining intensity multiplied by the staining percentage. 

2.12. Statistical analysis 

Statistical analysis was performed with SPSS 22.0 and GraphPad Prism 8. All data were presented as the mean ± standard deviation 
(SD). Student’s t-test for two groups comparisons and one-way ANOVA was used for multi-groups comparisons, two-way ANOVA was 
used for multi-groups with two variables comparisons. All experiments were repeated at least three times, and p < 0.05 was considered 
to indicate statistical significance. 

3. Results 

3.1. RHBDF1 is downregulated in SCLC and correlated with clinical prognosis 

Based on the differentially expressed genes (DEGs) that were identified by RNA sequencing in SCLC tissues, we investigated the 
following different datasets to determine the expression pattern of RHBDF1 in SCLC. GSE149507 dataset [21] showed that the tumor 
tissues and adjacent lung tissues were well clustered, and 1118 differential expression genes were screened (|logFC| >0.7, adjust p <
106, Figs. S1A–B). Among these genes, RHBDF1 was downregulated in SCLC compared with adjacent lung tissues (Figs. S1A and C). We 
then used GSE60052 [14,22] and GSE40275 datasets [23] to further investigate the expression of RHBDF1 in SCLC.As shown in 
Figs. S1D and E, the expression of RHBDF1 in SCLC was lower than that in normal lung tissues. Based on the GSE60052 dataset, KM 
analysis revealed that the group with higher RHBDF1 expression correlated with better OS when we ruled out 31 SCLC cases with 
incomplete clinical information (Fig. S1F, log-rank p = 0.0065). Using the complete clinical data of 77 SCLC cases sequenced by 
George, J et al. [24] to determine the relationship between RHBDF1 expression and OS. The results showed that high expression of 
RHBDF1 had a better OS, which is consistent with the results of the GSE60052 dataset (Fig. S1G, log-rank p = 0.022). 

3.2. RHBDF1 suppressed cell proliferation and increased sensitivity of SCLC cells to cisplatin 

RHBDF1 expression was evaluated in HBE cells and SCLC cell lines, in which RHBDF1 was significantly downregulated in almost all 
of the SCLC cell lines compared with normal lung epithelial cell by qRT-PCR (Fig. 1A) and western blotting (Fig. 1B). In addition, we 
found that the expression of RHBDF1 was highest in H2227 cells and lowest in H446 cells, so we chose these two typical cell lines for 
further study. After the overexpression and knockdown efficiencies were determined by western blotting and qRT-PCR (Fig. 1C–F), cell 
colony H446-RHB#1 and colony H2227-shRHB#2 were chosen for subsequent experiments. RHBDF1 overexpression significantly 
reduced the growth of H446-RHB cells, whereas RHBDF1 knockdown in H2227-shRHB cells accelerated cell growth by using CCK-8 
and EdU assay (Figs. S2A–B). Furthermore, flow cytometry and western blotting assays were performed to determine cell apoptosis. 
The apoptosis rate was increased in H446-RHB cells, and the opposite results were confirmed in H2227-shRHB cells (Fig. S2C). 
Accordingly, western blotting results showed that the Bcl2/BAX ratio was reduced in H446-RHB cells and that was increased in H2227- 
shRHB cells (Fig. S2D). Overall, these results suggested that RHBDF1 negatively regulates cell proliferation by adjusting apoptosis in 
vitro.Fig. 1G showed that H446-RHB cells were more sensitive to cisplatin, whereas H2227-shRHB cells were less sensitive. We then 
performed a CCK-8 assay and an EdU assay to analyze cell viability at the dose of 0.5 μg/mL cisplatin for 24 h. As shown in Fig. 1H and 
I, RHBDF1 overexpression significantly decreased the cell viability and DNA incorporation rate of H446-RHB cells, whereas RHBDF1 
depletion significantly increased the cell viability and DNA incorporation rate of H2227-shRHB cells when these cells were exposed to 
cisplatin treatment, which suggested that RHBDF1 regulated the cisplatin sensitivity in SCLC cells. Flow cytometry showed that 
RHBDF1 overexpression significantly increased the apoptosis of H446-RHB cells, whereas RHBDF1 knockdown decreased the 
apoptosis of H2227-shRHB cells with cisplatin for 24 h (Fig. 1J). Furthermore, western blotting showed that the Bcl2/BAX ratio was 
decreased in H446-RHB cells and increased in H2227-shRHB cells 24 h after cisplatin treatment at 0.5 μg/mL (Fig. 1K). Overall, our 
results suggested that RHBDF1 positively regulated cisplatin sensitivity by modulating apoptosis in vitro. 

3.3. Functional enrichment analysis of RHBDF1 

To further elucidate the specific mechanism of RHBDF1 regulating the biological behaviors of SCLC, RHBDF1 and its co-expressed 
genes from our previous RNA sequencing results in SCLC [5,6] were performed for functional enrichment analysis. Gene ontology (GO) 
analysis showed that RHBDF1 was mainly involved in various biological processes (BP), including RNA splicing, nuclear transport, 
RNA localization, protein acylation, and dephosphorylation (Fig. S3A); cellular components (CC) including spliceosomal complex, 
proteasome complex, ubiquitin ligase complex, site of DNA damage, ATPase complex (Fig. S3B); molecular function (MF), including 
translation factor activity, proteasome binding, ubiquitin-protein transferase activity, translation regulator activity (Fig. S3C). 
Moreover, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis suggested that RHBDF1 was mainly involved in the 
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spliceosome, proteasome, and ubiquitin-mediated proteolysis (Fig. S3D). 

3.4. RHBDF1 regulated cell proliferation and cisplatin sensitivity by YAP1/Smad2 pathway 

According to the STRING database, YAP1 and Smad2/3/4 potentially interacted with RHBDF1, which garnered our attention 
(Fig. 2A). To determine that YAP1 and Smad2 were involved in the role of RHBDF1 effects in cell proliferation and cisplatin sensitivity, 
we determined the expression of YAP1 and Smad2 by qRT-PCR and western blotting. The results showed that RHBDF1 overexpression 
leads to YAP1 downregulation (Fig. 2B and C), whereas RHBDF1 knockdown leads to YAP1 upregulation (Fig. 2D and E), which was 
parallel with a stable expression of Smad2 (data not shown). Next, the interaction of RHBDF1, YAP1, and Smad2 was determined by IP, 
in which we detected binds of YAP1 and Smad2 after IP using an anti-Flag-RHBDF1 antibody (Fig. 2F), and binds of RHBDF1 and 
Smad2 after IP using an anti-YAP1 antibody (Fig. 2G). The interactions among the three proteins were successfully validated. Western 

Fig. 2. RHBDF1 inhibited cell proliferation and enhanced cisplatin sensitivity by YAP1/Smad2 pathway. (A) Protein–protein interaction (PPI) 
network was constructed by STRING. The mRNA and protein levels of YAP1 were determined in RHBDF1-overexpressing cells by qRT-PCR (vector 
was normalized to 1) (B) and western blotting (C). The mRNA and protein levels of YAP1 were detected in RHBDF1 knockdown cells by qRT-PCR 
(shNC was normalized to 1) (D) and western blotting (E). (F) IP experiments validated the interaction of RHBDF1 with YAP1 and Smad2. (G) IP 
experiments validated the interaction of YAP1 with RHBDF1 and Smad2. (H) Western blotting was conducted to explore the expression of YAP1, p- 
Smad2, p-Smad3, and Smad4 in H446-RHB and H2227-shRHB cells. (I) Western blotting was performed to analysis YAP1, p-Smad2, p-Smad3, and 
Smad4 in H2227 knockdown cells compared to control cells with or without 10 μM SB431542 for 2 h. (J) Cell viability of H2227-shRHBDF1 cells 
after incubation with the indicated concentrations of cisplatin for 24 h in the presence of 10 μM SB431542 for 72 h was evaluated by a CCK-8 assay. 
Additional CCK-8 assay was used to observe changes in the proliferation rate of H2227-shRHBDF1 cells cultured with (K) or without (L) 0.5 μg/mL 
cisplatin for 24 h either alone or in combination with 10 μM SB431542 for 72 h. (M) An EdU incorporation assay was performed to detect cell 
viability in H2227-shRHBDF1 cells with or without cisplatin in the presence or absence of SB431542. β-actin was normalized to 1 in western 
blotting. N = 3 technical replicates, experiment was repeated at least 3 times. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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blotting analysis showed that the levels of YAP1, phosphorylation of Smad2 and Smad3 were decreased, whereas the level of Smad4 
expression was increased in H446-RHB cells. On the contrary, the opposite phenomena were observed in H2227-shRHB cells (Fig. 2H). 
To investigate the critical role of the Smad2/3 pathway in RHBDF1 mediated biological function, H2227-shRHB cells were treated with 
10 μM SB431542, a phosphorylation inhibitor of Smad2/3, for 2 h. The inhibition of Smad2/3 phosphorylation was investigated with 
the whole cell lysates and presented in Fig. 2I. As shown in Fig. 2I, RHBDF1 knockdown elicited increased phosphorylation of Smad2/ 
3, and downregulated expression of Smad4 can be substantially reversed after SB431542 treatment. RHBDF1 knockdown desensitized 
H2227 cells to cisplatin, which can be fully rescued after treatment with 10 μM SB431542 for 72 h (Fig. 2J). Moreover, CCK-8 and EdU 
assays showed that RHBDF1 knockdown increased the viability of H2227 cells in treatment with or without cisplatin, the effect was 
reversed when SB431542 was introduced (Fig. 2K–M). The above findings collectively suggested that RHBDF1 regulated cell prolif-
eration and cisplatin sensitivity through the YAP1/Smad2 signaling pathway in vitro. 

Fig. 3. YAP1 overexpression reversed the functional phenotypes of RHBDF1. (A) Heat map illustrating the differential expression of 11 YAP1 
transcripts in 5 intrinsic cisplatin-resistant SCLC tissues and 5 intrinsic cisplatin-sensitive SCLC tissues. (B) Western blotting was used to verify the 
protein levels of YAP1 in H446 cells after stably transfected with pCMV-zsG-Puro-YAP1 recombinant vector or pCMV-zsG-Puro vector. (C) H446- 
YAP1 and corresponding control cells were treated with the indicated concentration of cisplatin for 24 h, and cell viability was performed by a CCK- 
8 assay. Cell proliferation was analyzed by a CCK-8 assay (D–E) and an EdU assay (F) in YAP1-overexpressing H446 cells with or without 0.5 μg/mL 
cisplatin treatment for 24 h. (G) Cell viability of H446 cells in respond to overexpression of RHBDF1 and/or YAP1 with the concentration gradients 
of cisplatin for 24 h was evaluated by a CCK-8 assay. A CCK-8 assay (H–I) and an EdU incorporation assay (J) was conducted to determine the cell 
proliferation of H446 cells in respond to overexpression of RHBDF1 and/or YAP1 with or without cisplatin treatment. (K) Western blotting was used 
to evaluate YAP1, p-Smad2, p-Smad3, Smad4 and apoptosis-related markers of H446 cells in respond to overexpression of RHBDF1 and/or YAP1. (L) 
The expression levels of p-Smad2 in the cytoplasm and nucleus were analyzed by subcellular fractionation assays in H446 cells. β-actin was used as 
the control for cytoplasmic protein, while Lamin B1 was used as the control for nuclear protein. β-actin was normalized to 1 in western blotting. N =
3 technical replicates, experiment was repeated at least 3 times. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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3.5. YAP1 overexpression reversed the functional phenotypes of RHBDF1 

We determined our previous RNA sequencing results [5,6] and found that YAP1 was highly expressed in drug-resistant patients 
with SCLC compared with drug-sensitive patients with SCLC (Fig. 3A). Considering the results of RNA sequencing and the importance 
of YAP1 in the chemoresistance and tumorigenesis of SCLC, we overexpressed YAP1 in H446 via plasmid transfection and validated the 
expression with western blotting (Fig. 3B). YAP1 overexpression desensitized H446 cells to cisplatin (Fig. 3C). Moreover, CCK-8 and 

Fig. 4. RHBDF1 inhibited cell proliferation and enhanced cisplatin sensitivity via YAP1/Smad2 signaling, which SB431542 could partially reverse 
in vivo. (A) Representative images of tumors in nude mice at the end timepoint. (B) Line chart of tumor volume during follow-up for 21 days. (C) 
Scatter diagram of the final tumor volumes. (D) Histogram of the final tumor weights. (E) Western blotting was used to analyze the protein 
expression of YAP1, p-Smad2, p-Smad3, Smad4 and apoptosis-related markers in tissues obtained from harvested tumors. (F) IHC was conducted to 
confirm the expression of RHBDF1, YAP1, p-Smad2, p-Smad3, Ki67, and Bcl-2 in the tumor samples. Magnification, × 100 and × 400. (G) 
Representative images of tumors in nude mice at the end timepoint from the three groups: (1) H2227-shNC + cisplatin + vehicle, (2) H2227-shRHB 
+ cisplatin + vehicle, (3) H2227-shRHB + cisplatin + SB431542. (H) Line chart of tumor volume during follow-up for 30 days in the three groups. 
(I) Scatter diagram of the final tumor volumes in the three groups. (J) Histogram of the final tumor weights in the three groups. (K) Western blotting 
was used to evaluate the protein expression of YAP1, p-Smad2, p-Smad3, Smad4 and apoptosis-related markers in tumor tissues obtained from three 
groups. (L) IHC was conducted to confirm the expression of RHBDF1, YAP1, p-Smad2, p-Smad3, Ki67, and Bcl-2 in the three groups of tumor 
samples. Magnification, × 100 and × 400. β-actin was normalized to 1 in western blotting. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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EdU assays showed that YAP1 overexpression increased the viability of H446 cells in the presence or absence of cisplatin (Fig. 3D–F). 
Furthermore, the overexpression of YAP1 in H446-RHB cells effectively restored RHBDF1-mediated cell proliferation and cisplatin 
sensitivity (Fig. 3G–J). During the same time, the Smad2 signaling cassette was also restored (Fig. 3K). Previous studies have shown 
that YAP1 could promote the nuclear translocation of Smad2 [16,25]. In this study, cytosolic and nuclear proteins were isolated from 
H446-YAP1 cells. As shown in Fig.3L, we observed that more p-Smad2 accumulated in the nucleus of H446-YAP1 cells, whereas less 
p-Smad2 was retained in the cytoplasm, suggesting that YAP1 promotes the nuclear translocation of Smad2. Conversely, more 
p-Smad2 accumulated in the cytoplasm and less p-Smad2 was retained in the nucleus of H446-RHB cells, indicating that RHBDF1 
inhibits p-Smad2 translocation into the nucleus. Our data suggested that YAP1 could reverse the functional phenotypes of RHBDF1 by 
the Smad2 signaling pathway in SCLC. 

3.6. RHBDF1 regulated cell proliferation and cisplatin sensitivity via YAP1/Smad2 signaling, which SB431542 could partially reverse in 
vivo 

RHBDF1 stably knocked-down H2227 cells were subcutaneously inoculated into the left axilla of nude mice. As shown in Fig. 4A, 
RHBDF1 knockdown promoted tumor proliferation by 42.53 % during the follow-up. Tumor volumes and weights in the shRHB group 
were greater than those in the shNC group (fold changes = 2.35 and 1.68, respectively, Fig. 4B–D). The western blotting of total protein 
isolated from tumor tissues of 3 mice in each group showed that the levels of YAP1 and Bcl-2 as well as the phosphorylation of Smad2 
and Smad3 were increased, whereas the expressions of Smad4 and BAX were decreased (Fig. 4E). Moreover, the levels of YAP1, Ki67, 
and Bcl-2 as well as the phosphorylation of Smad2 and Smad3 were evaluated by IHC (Fig. 4F). These results strongly indicated that 
RHBDF1 downregulation induced proliferation via the YAP1/Smad2 signaling pathway in vivo. 

To further verify the regulatory effect of RHBDF1 on cisplatin sensitivity in vivo, BALB/c-nu mice were subcutaneously injected 
with H2227 cells with or without RHBDF1 depletion into the left axilla and randomized into three groups: (1) H2227-shNC + cisplatin 
+ vehicle, (2) H2227-shRHB + cisplatin + vehicle, and (3) H2227-shRHB + cisplatin + SB431542. Increased tumor burden was 
observed in the RHBDF1-silenced H2227 cells treated with cisplatin compared with that in the H2227-shNC cells (Fig. 4G–J), sug-
gesting that RHBDF1 mediated cisplatin sensitivity in vivo. In addition, treatment with cisplatin + SB431542 partially reduced tumor 
burden elicited by RHBDF1 depletion compared with that in mice treated with cisplatin alone (Fig. 4G–J). These results strongly 
indicated that SB431542 could reverse the effect of RHBDF1-mediated cisplatin sensitivity in vivo. The Western blot analysis suggested 
that the levels of YAP1 and Bcl-2, as well as the phosphorylation of Smad2 and Smad3, were increased, whereas the expressions of 
Smad4 and BAX were decreased in the RHBDF1-silenced H2227 tumors than in the control tumors treated with cisplatin (Fig. 4K). 
Importantly, the expression signatures of these genes could be restored by SB431542 treatment (Fig. 4K), which was further confirmed 
by IHC (Fig.4L). These results strongly indicated that RHBDF1 played a crucial role in cisplatin sensitivity and mediated cisplatin 
sensitivity via the YAP1/Smad2 pathway in vivo. 

3.7. RHBDF1 was low expressed in SCLC and was associated with clinicopathological features 

To elucidate the clinical significance of RHBDF1 in SCLC, tumor tissues (n = 123) and adjacent lung tissues (n = 71) were collected 
to examine RHBDF1 expression. IHC results suggested that RHBDF1 was mainly expressed in the cytoplasm of the tumor cells (Fig. 5A). 
RHBDF1 expression was significantly reduced in the SCLC tissues than in the adjacent lung tissues (Fig. 5B, p = 0.017). According to 
the Clinical and Laboratory Standards Institute guidelines [26–28], the optimal cutoff ratio (7.5) was taken from the receiver-operating 
characteristic curve analysis of the SCLC tissues and adjacent lung tissues. The patients were divided into high- and low-RHBDF1 
expression groups based on this cutoff value with the best sensitivity and specificity and then quantitative analysis showed that 
RHBDF1 expression was decreased in a greater portion of the SCLC tissues (84/123, 68.29 %) than in the adjacent lung tissues (30/71, 
42.25 %) (Fig. 5C–Table S3, p < 0.0001). Furthermore, the relationship between RHBDF1 and clinicopathological features was 
analyzed. The results showed that RHBDF1 was correlated with tumor size (Fig. 5D, p = 0.029), lymph node metastasis (Fig. 5E, p =
0.034), TNM stage (Fig. 5F, p = 0.031), and 5-year survival (Fig. 5G, p = 0.0001), whereas was unrelated to gender, age, smoking 
history, T stage, and pleural invasion (Table 1). Moreover, YAP1 expression was detected by IHC, the results suggested that YAP1 was 
expressed in both the cytosol and nucleus of tumor cells and the positive expression rate was 27.64 % (34/123).However, spearman 
analysis showed that RHBDF1 and YAP1 expressions were negatively correlated without any statistically significant difference (data 
not shown). Further analysis showed that RHBDF1 was downregulated in tissues with high YAP1 expression (Fig. 5H–I, p = 0.019). 
Furthermore, the high RHBDF1 expression group showed better disease-free survival (DFS) (Fig. 5J, p = 0.005) and OS (Fig. 5K, p =
0.018) than the low RHBDF1 expression group by the KM analysis. Using the COX hazard regression model for univariate and 
multivariate analyses, the univariate analysis showed that lymph node metastasis (Table S4, p = 0.015) and RHBDF1 expression 
(Table S4, p = 0.011) were associated with DFS, whereas T stage (Table S5, p = 0.024), lymph node metastasis (Table S5, p = 0.001), 

Fig. 5. RHBDF1 was low expressed in SCLC and was associated with clinicopathological features. (A) Representative IHC images of different 
expression intensities of RHBDF1 in SCLC tissues were displayed with original magnification, × 100, × 400, respectively. (B) RHBDF1 expression 
score in SCLC tissues compared with adjacent lung tissues by IHC. (C) Proportion of RHBDF1 expression in SCLC tissues and adjacent lung tissues. 
Proportion of tumor size (D), lymph node metastasis (E), TNM stage (F) in low- and high- RHBDF1 expression groups. Proportion of RHBDF1 
expression in OS greater than or less than 5 years (G), or low- and high- YAP1 expression groups (H). (I) Representative images of two SCLC tumor 
tissues with greater RHBDF1 expression but less YAP1 expression. Magnification, × 100 and × 400. The correlation between RHBDF1 expression 
and DFS (J) and OS (K) in SCLC patients. (*p < 0.05, ****p < 0.0001). 
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TNM stage (Table S5, p = 0.0001), and RHBDF1 expression (Table S5, p = 0.021) were associated with OS. The multivariate analysis 
showed that RHBDF1 expression (Table S4, p = 0.034) was an independent prognostic factor for DFS. Furthermore, TNM stage 
(Table S5, p = 0.002) and RHBDF1 expression (Table S5, p = 0.045) were independent prognostic factors for OS. 

4. Discussion 

Platinum-based chemotherapy is the mainstay therapy for SCLC, and chemoresistance has been a major challenge over the past 
several decades [29]. The specific molecular mechanism underlying SCLC chemoresistance is still not completely understood. In the 
present study, we identified a chemosensitivity-relevant gene, RHBDF1. Our data revealed a novel molecular mechanism involving 
RHBDF1, YAP1 and Smad2 signaling in regulating SCLC chemoresistance and progression. Specifically, RHBDF1 could interact with 
YAP1, regulating YAP1 expression at transcriptive and protein levels. YAP1 upregulation enhanced Smad2 nuclear translocation, 
leading to the activation of downstream target genes Bcl-2 and BAX. 

Based on our previous gene profiling, using several GEO databases, we explored DEGs between the SCLC and adjacent lung tissues 
and verified that RHBDF1 was downregulated in SCLC and was associated with OS. Then, we explored the biological functions of 
RHBDF1 in vitro and in vivo. We found that RHBDF1 expression was lower in the SCLC cells than that in the normal cells, the forced 
expression of RHBDF1 inhibited cell proliferation and promoted apoptosis and cisplatin sensitivity in the SCLC cells, and the depletion 
of RHBDF1 elicited opposite phenomena. Moreover, the tumor volumes and weights were increased in the RHBDF1-silenced H2227 
tumor model in the presence or absence of cisplatin. These results indicated that RHBDF1 might play an important role in regulating 
SCLC cell proliferation and cisplatin sensitivity in vivo, which were consistent with the results in vitro. Previous studies have shown the 
cancer-promoting function of RHBDF1 in head and neck squamous carcinoma, breast cancer, colorectal cancer, and cervical cancer [2, 
4,9–11,30–35]. The reason behind the opposite results might be partial because of a difference in the genetic signatures, the tumor 
stroma, or the tumor microenvironment of these different tumors. 

The functional enrichment analysis of RHBDF1 and its co-expressed genes was performed using our previous RNA sequencing data 
[5,6]. We found that RHBDF1 was related to proteasome and ubiquitination. Studies have demonstrated that cell proliferation is 
regulated by the ubiquitin–proteasome pathway. Cathepsin K promotes the proliferation of hepatocellular carcinoma cells through 
induction of SIAH1 ubiquitination and degradation [36]. CUL5-ASB6 complex promotes p62/SQSTM1 ubiquitination and degradation 
to regulate cell proliferation and autophagy. Based on functional enrichment analysis, we reasonable speculate that RHBDF1 may 
regulates cell proliferation by regulating proliferation-related proteins through ubiquitin–proteasome pathway. This is a very 

Table 1 
Correlation between RHBDF1 expression and clinicopathological characteristics of patients with SCLC.  

Variables RHBDF1 expression Total χ2 p-value 

Low High 

Age (year)    0.075 0.784 
≤60 43 21 64   
>60 41 18 59   

Gender    0.087 0.768 
Female 30 15 45   
Male 54 24 78   

Smoke    2.703 0.1 
No 32 9 41   
Yes 52 30 82   

Tumor size (cm)   5.331 0.029* 
≤5 68 38 106   
>5 10 0 10   
null   7   

T stage    4.803 0.187 
T1 41 25 66   
T2 29 8 37   
T3 4 0 4   
T4 10 5 15   
null   1   

Lymph node metastasis  4.493 0.034* 
Yes 43 12 55   
No 41 27 68   

TNM stage   4.647 0.031* 
I -II 25 19 44   
III 59 19 78   
null   1   

Pleural invasion   0.001 0.982 
Yes 24 11 35   
No 54 25 79   

5 years survival   16.83 0.0001* 
Yes 8 16 24   
No 76 23 99    
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interesting direction in the following study. 
PPI network results suggested that RHBDF1 might interact with YAP1 and Smad2. In our study, we have observed the interactions 

among the RHBDF1 and YAP1 and Smad2 in co-immunoprecipitations, but there were no obvious interactions either between Smad3 
and RHBDF1 or between Smad3 and YAP1, indicating that RHBDF1 directly regulated Smad2 rather than Smad3 to exert biologic 
function. As shown in Fig. 2H-I, we observed that there were both a significance change of Smad2 phosphorylation and Smad3 
phosphorylation in H2227 cells, while in H446 cells, Smad2 phosphorylation had a more drastic change than Smad3 phosphorylation. 
What’s more, as shown in Fig. 4F and L, IHC results indicated that there was no statistical difference in Smad3 phosphorylation in vivo. 
Therefore, the phosphorylation of Smad2 plays a more significant role in RHBDF1 regulation of biological function, while Smad3 may 
have other unknown regulatory pathways in H2227 cells. We believe that the phenomenon observed in our study may be related with 
the complexity of the signaling dynamics involved. Most importantly, the Co-IP results demonstrated that RHBD1 interacts with Smad2 
but not SMAD3. What’s more, miR-486-5p regulated cisplatin sensitivity of human muscle-invasive bladder cancer cells by induction 
of apoptosis though Smad2 [37]. MiR-10a mediated cisplatin resistance in lung cancer cell line via the transforming growth fac-
tor-β/Smad2/STAT3/STAT5 pathway [38]. In light of this, we primarily focused on phosphorylated Smad2 because our preliminary 
data and several studies suggested that Smad2 plays a more significant role in the cisplatin sensitivity. The nuclear accumulation of the 
hippo signaling transducers YAP1/TEA domain family member in human EGFR2-positive breast cancer results in acquired trastu-
zumab resistance [39]. YAP1 overexpression also induced drug resistance to 5-fluorouracil and docetaxel by increasing EGFR 
expression in esophageal cancer [40], and YAP1 activation was associated with a poor prognosis and cetuximab resistance in colorectal 
cancer [41]. As a target gene of miR-630, YAP1 responds to EGFR-TKI therapy unfavorably via the miR-630/YAP1/ERK feedback loop 
in EGFR-mutation lung adenocarcinomas [35]. These results suggested that YAP1 was associated with drug resistance in various 
tumors. Growing evidence suggested that the TGF-β/Smad signaling pathway was crucial for chemotherapy drug resistance. Curcumin 
reversed oxaliplatin resistance by regulating the TGF-β/Smad2/3 signaling pathway in colorectal cancer [42]. FAM46A overexpression 
induced cisplatin resistance by activating TGF-β/Smad2 signaling and upregulating nuclear Smad2 expression in ovarian cancer [43]. 
MicroRNA-552 knockdown mediated 5-fluorouracil resistance via the Smad2 pathway in colorectal cancer [29,44]. In our study, the 
high basal levels of Smad2/3 phosphorylation without TGF-β maybe suggest that phosphorylated Smad2/3 is associated with the 
development and progression of SCLC. A study revealed that the phosphorylated Smad2 expression appeared in the nuclei and in the 
cytoplasm of liver cells and it was positively correlated with the severity of the tumor pathology. The aberrant expressions of phos-
phorylated Smad2 may play an important role in the pathogenesis of hepatocellular carcinoma [45]. Smad2 and Smad3 phosphor-
ylated transmit malignant TGF-β signal in later stages of human colorectal cancer [46]. Using human breast cancer tissue microarrays, 
Liu et al. suggested that Smad3 linker phosphorylation promotes tumorigenesis but inhibits metastasis [47]. Importantly, YAP1 
regulated TGF-β transcriptional activity and Smad2 phosphorylation in lung cancer cells [48]. The high expression of YAP1 was 
significantly correlated with Smad2 nuclear localization [25], and RASSF1A degradation promoted YAP1 association with Smad2 and 
its subsequent nuclear translocation [16]. We, for the first time, showed that RHBDF1 interacted with YAP1 and contributed to Smad2 
nuclear translocation in SCLC in the present study. 

Previous study showed that RHBDF1 was highly expressed in colorectal cancer patients and was associated with poor OS [10,11]. 
RHBDF1 mRNA levels in breast cancer specimens was higher than that in the normal breast tissues [30,49]. Another study, on breast 
cancer, suggested that RHBDF1 expression was elevated in tumor tissues and was correlated with poor prognosis [9]. Furthermore, 
RHBDF1 was low expressed in the high YAP1 expression group, suggesting a negative correlation between the two molecules. 
However, Spearman correlation analysis between RHBDF1 and YAP1 showed no statistical significance. This might be because, among 
the 123 samples of SCLC tissues, only 34 (27.64 %) were positive for YAP1 by IHC. The study showed that the positive rates of YAP1 
expression in combined and pure SCLCs were 52.17 % (24/46) and 29.10 % (73/251), respectively, in postoperative patients [50]. 
Song et al. showed that 26.42 % (14/53) of patients wi ⋅th SCLC were YAP1 positive [13]. A further study found that the positive rate of 
YAP1 phosphorylation was 21.62 % (8/37) in patients with SCLC [28]. Therefore, the small sample size of patients was also the major 
limitation of this study, although we firstly clarified that high RHBDF1 expression showed better DFS and OS, and RHBDF1 was an 
independent prognostic factor for DFS and OS in SCLC. 

We are the first to reveal that RHBDF1 regulated cell proliferation and cisplatin sensitivity in SCLC by interacting with YAP1, 
facilitating Smad2 translocation to the nucleus. These findings provided a more comprehensive understanding of the specific mech-
anisms of chemoresistance in SCLC. Blocking this pathway may be a potential therapeutic strategy to increase the effectiveness of 
cisplatin in patients with SCLC. 
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