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RHBDD1 overexpression is found in various malignancies, including non-small cell lung cancer (NSCLC), and it is 
correlated with NSCLC patients’ poor overall survival. This study aims to explore the function of RHBDD1 in regulating 
the progression of NSCLC and its potential molecular basis. qPCR, immunohistochemistry, and/or western blotting were 
used to evaluate the expression of RHBDD1 in NSCLC tissues and cell lines. RHBDD1 knockdown and overexpression were 
performed, CCK-8 assay and cell clone formation were applied to study the function of RHBDD1 in cell proliferation in 
vitro. Flow cytometry and immunofluorescence tests were employed to determine the regulation of apoptosis, cell cycle, and 
endoplasmic reticulum stress by RHBDD1. As a result, RHBDD1 was found significantly upregulated in NSCLC tissues and 
cells and associated with pathological tumor staging. RHBDD1 knockdown inhibited the proliferation of NSCLC cells both 
in vitro and in vivo, promoted their apoptosis, caused cell cycle arrest at G0/G1 phase, characterized with reduced CDK2, 
suppressed TGF-α secretion, and inhibited the EGFR/Raf/MEK/ERK signaling pathway. In contrast, RHBDD1 overex-
pression showed the opposite effects. These effects of the manipulated expression of RHBDD1 on NSCLC were restored 
by EGFR or MEK inhibitor. Additionally, RHBDD1 knockdown and overexpression resulted in decreased and increased 
BIK cleavage, respectively, but the effects could be blocked by a proteasome inhibitor. In conclusion, our research shows 
that RHBDD1 promotes the progression of NSCLC through enhancement of proliferation and induction of apoptosis by 
regulating the EGFR/Raf/MEK/ERK signaling pathway and the level of BIK protein level. 
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Lung cancer is the most common cause of cancer-related 
death worldwide [1]. Non-small cell lung cancer (NSCLC) 
accounts for more than 80–85% of all lung cancers [2]. 
Among patients diagnosed with lung cancer, the 5-year 
survival rate is very low due to the advanced clinical manifes-
tations and few targeted therapies [3, 4]. Although the detec-
tion, surgical, and chemotherapy drugs development have 
significantly improved the treatment of lung cancer, the 
5-year-survival rate remains poor. Therefore, it is very neces-
sary to explore further molecular pathogenesis of NSCLC 
and potential therapeutic targets for its treatment.

The rhomboid protease is a very conserved serine protease 
family that regulates many important cellular functions [5]. 
Among them, RHBDD1 is a mammalian serine protease in 
the membrane [6]. RHBDD1 promotes tumor metastasis 
through the Wnt signaling pathway and ZEB1 in metastatic 

colorectal cancer [7]. The highly up-expressed RHBDD1 in 
breast cancer promotes the proliferation and invasion ability 
by regulating the Akt signaling pathway and the expression 
of CDK2. RHBDD1 is linked to the progression of patholog-
ical breast cancer stages [8]. Mammalian rhomboid protease 
RHBDD1 promotes secretion of the EGFR ligand, trans-
forming growth factor α (TGF-α) [9]. The high expression of 
RHBDD1 in colon cancer induces the ADAM-independent 
cleavage and secretion of proTGF-α. The secreted proTGF-α 
matures and further triggers the EGFR/Raf/MEK/ERK 
signaling pathway, and ultimately promotes the growth of 
colon cancer cells [10]. Overexpression of RHBDD1 in lung 
cancer tissues is associated with a low survival rate of lung 
cancer patients. Downregulation of RHBDD1 can inhibit 
the proliferation, migration, and invasion of lung cancer 
cells [11]. However, there are few reports on the mechanism 
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of RHBDD1 regulating the proliferation and apoptosis of 
NSCLC cells.

Previous studies have shown that TGF-α was an impor-
tant factor in the abnormal proliferation of malignant tumors 
and could be activated by mammalian TNF-α converting 
enzyme (TACE) [12]. The activated form of TGF-α further 
binds to EGFR (EGF receptor) to activate the EGFR signaling 
pathway [13]. Overexpression of TGF-α is carcinogenic, 
which not only promotes the malignant proliferation of 
transgenic mice tumors but also promotes the higher tumor-
igenicity of human cancer cells in ectopically expressed 
nude mice [14–16]. Overexpression of TGF-α can lead to 
pancreatic fibrosis and further pancreatic ductal carcinoma 
[17]. However, whether there is a regulatory link between 
RHBDD1 and TGF-α has not yet been reported.

Apoptosis promotes tumor cell death, and exploring the 
molecular mechanism of tumor cell apoptosis is beneficial for 
cancer treatment [18]. A low level of apoptosis or inhibition of 
apoptosis is one of the main characteristics of tumors, which 
can lead to the progression of cancer [19]. The Bcl-2 family 
is a class of protein molecules that regulate the process of 
cell apoptosis. Bcl-2 interaction killer (BIK), a pro-apoptotic 
member of the Bcl-2 family, can induce apoptosis of mamma-
lian cells under various stimuli and is associated with recur-
rence of clinical breast cancer as a potential therapeutic target 
[20]. The activation of BIK is tightly regulated by RHBDD1 
in human testicular cells, resulting in reduced BIK-mediated 
apoptosis [21]. In addition, RHBDD1, as an anti-apoptotic 
protein, inhibits cell apoptosis by upregulating the activity 
and expression of AP-1 and Bcl-2 [22]. In general, the ability 
of RHBDD1 for regulating apoptosis makes it a potential 
target for cancer treatment. However, whether RHBDD1 
exacts anti-apoptotic ability in NSCLC and the underlying 
molecular mechanism remains unclear.

In this study, through various molecular and cellular 
experiments, we mainly demonstrated that overexpressed 
RHBDD1 in NSCLC promotes the proliferation of NSCLC 
cells both in vitro and in vivo, inhibits their apoptosis, in 
which, activated EGFR/Raf/MEK/ERK signaling pathway 
participated, in addition, increased BIK cleavage also 
played a role. Therefore, it is concluded that RHBDD1 
promotes the progression of NSCLC through enhancement 
of proliferation and induction of apoptosis by regulating 
the EGFR/Raf/MEK/ERK signaling pathway and the level 
of BIK protein level.

Materials and methods

Immunohistochemistry. The tumor tissues and corre-
sponding adjacent normal tissues of 45 patients with 
NSCLC from our hospital were subjected to immunos-
taining scores to evaluate protein expression levels. The 
patient consent and approval from the institutional research 
ethics committee have been obtained prior to the use of 
these patient specimens for research purposes. The study 

complies with the ethical guidelines of the Declaration of 
Helsinki. 

First, the embedded samples were cut into approximately 
4 μm thick sections, deparaffinized in xylene, and dehydrated 
in graded alcohols of different concentrations. Then, the 
sections were treated in 10 mM citrate buffer (pH 6.0) at 
95 °C for 15 min for antigen retrieval, and then endogenous 
peroxidase was blocked with 3% hydrogen peroxide for 10 
min. Next, the sections were incubated overnight at 4 °C 
with the primary antibody against RHBDD1 (PA5-110291, 
Thermo Fisher, USA), and washed with phosphate-buffered 
saline (PBS) and incubated with HRP-conjugated secondary 
antibody (ab288151, Abcam) at 37 °C for 30 min.

Cell culture and reagents. Human NSCLC cell lines A549, 
H1299, H1550, H1975, SPCA-1, SK-MES, and normal lung 
cell line (HBE) were purchased from the National Collection 
of Authenticated Cell Cultures (Shanghai, China) and cultured 
in RPMI-1640 medium containing 10% fetal bovine serum. 
All cell lines were incubated in a humidified atmosphere 
containing 5% CO2 at 37 °C. The EGFR kinase inhibitor 
AG1478 was purchased from Selleck Chemicals (Houston, 
TX, USA), and the ERK1/2 inhibitor U0126 was purchased 
from Cell Signaling Technology (Beverly, MA, USA).

siRNA synthesis, plasmid construction, and cell trans-
fection. According to the previous research reports, the 
sequence of RHBDD1 siRNA (siRHBDD1) and negative-
control siRNA (si-NC) was referred to the former research 
and synthesized by Sangon Biotech [23]. The cDNA of 
RHBDD1 were amplified and then cloned to the pcDNA3.1 
vector. The empty vector pcDNA3.1 was used as a negative 
control plasmid. The plasmids were transfected to the A549 
and H1299 cells with Lipo3000 (Invitrogen, Carlsbad, CA, 
USA), respectively. The expression level of RHBDD1 was 
analyzed with qPCR and western blot analysis after 48 h. The 
level of soluble TGF-α in the cell supernatant was measured 
by enzyme-linked immunosorbent assay (ELISA) according 
to the manufactures’ instructions (ab100646, Abcam).

Western blotting. The cells to be tested were dissolved in 
SDS lysis buffer to extract protein, and BCA reagent (Thermo 
Fisher) was used for protein quantification. The cell lysate 
was separated by 10% SDS-PAGE gel and then transferred to 
the NC membrane. The membrane was blocked in 5% skim 
milk for 1 h at room temperature. After the blocking, the 
membrane was incubated in the designated antibody at 4 °C 
overnight. Finally, the membrane was incubated with anti-
rabbit or anti-mouse HRP-IgG secondary antibody at room 
temperature for 1 h. ECL imprinting detection system was 
used to detect chemiluminescence. Antibodies against BIK 
or cleaved-BIK (3703-100) was purchased from Biovision. 
Antibody against RHBDD1 (PA5-110291) was from Thermo 
Fisher. Antibodies against CDK2 (#2546), CDK4 (#12790), 
Cyclin D1 (#2978), phospho-c-Raf (#9421), c-Raf (#53745), 
phospho-MEK1/2 (#3958), MEK1/2 (#4694), phospho-
ERK1/2 (#9521), ERK1/2 (#5013), phospho-EGFR (#3777), 
or EGFR (#4267) were purchased from Cell Signaling 
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Technology, and antibody against p-AktSer473 (ab81283), 
cleaved-caspase 3 (ab184787), cleaved-caspase 7 (ab256469) 
or β-actin (ab8227) were from Abcam (Cambridge, UK).

Cell viability assay. The CCK-8 method was used to deter-
mine and assess the level of cell proliferation. The cells were 
cultured in 96-well plates at the density of 3,000 cells/well, 
and a fresh medium was replaced every three days. After the 
incubation was over, 100 μl fresh medium and 10 μl CCK-8 
solvent was added to each well and cultured at 37 °C for 2 h. 
The absorbance at 450 nm was measured using a microplate 
reader.

Colony formation assay. 1,000 cells/well were inoculated 
in a 6-well plate. The cells were cultured for 14 days until the 
cell colonies were visible. Cells were then stained with 0.1% 
crystal violet and photographed, and the number of commu-
nities was calculated.

Cell cycle and apoptosis assay. The cells were treated 
simultaneously with double thymidine (TdR) in the G1/S 
phase, and the operation was carried out in accordance with 
the method reported in the study [24]. A549 cells were blocked 
with 2 mM TdR for 16 h, then released in the fresh medium 
for 12 h (for A549 cells and RHBDD1-OE (RHBDD1 overex-
pression) A549 cells) or 14 h (for RHBDD1-KD (RHBDD1 
knockdown) A549 cells), and then further incubated in 2 
mM TdR for 18 h. H1299 cells were blocked with 2 mM TdR 
for 17 h, then released in the fresh medium for 9 h (for H1299 
cells and RHBDD1-OE H1299 cells) or 12 h (for RHBDD1-
KD H1299 cells), and then further incubated with 2 mM TdR 
for 17 h. After washing twice with PBS, the cells were resus-
pended in a fresh medium.

Following the reagent manufacturer’s instructions, the 
cells were stained with propidium iodide (PI; Millipore). 
CellQuest software (BD Biosciences, CA, USA) was used to 
analyze the results. The cells were stained with 5 μl Annexin-
V-FITC and 10 μl PI Staining Solution (Sigma, St. Louis, MO, 
USA) according to the reagent manufacturer’s instructions. 
The proportion of apoptotic cells was analyzed by the flow 
cytometric analysis.

In vivo tumorigenesis. Five million tumor cells in good 
condition were selected and suspended in 200 μl of PBS and 
injected into the flank of 6-week-old athymic glands in each 
group (n=5). Every three days, the mouse tumor growth was 
detected and measured, and the tumor width and length were 
recorded. The mice were sacrificed 20 days after the inocula-
tion, and the tumor tissue was submitted to IHC (immuno-
histochemistry) analysis to detect the level of proliferation 
biomarkers (Ki67 & PCNA).

Immunofluorescence. Cells in different groups were fixed 
with 4% PFA at 4 °C, permeabilized with 0.3% Triton X-100 
in PBS, and blocked with 10% serum. Then use anti-human 
K48-Ub antibody (ab140601, Abcam) to incubate overnight 
at 4 °C. Then the cells were stained with Alexa Fluor®594 
conjugated goat anti-rabbit IgG secondary antibody (red; 
A-11012, Thermo Fisher) and counterstained with DAPI 
(blue).

Quantitative real-time PCR (qRT-PCR). TRIzol reagent 
(Life Technologies, USA) was used to isolate total RNA from 
cells and tissues. The PrimeScript RT reagent Kit (Takara, 
Japan) and the SYBR PrimeScript RT-PCR Kit were used 
to generate complementary DNA of mRNA. The expres-
sion of RHBDD1 was measured using SYBR Green Master 
Mix (Takara, Japan), and ACTB was used as the internal 
control. The PCR primers were as follows: RHBDD1, 
forward,  5’-ATGCAACGGAGATCAAGAGGG-3’  and 
reverse, 5’-GCAGGAGCTATACAGTGGCTTC-3’; ACTB, 
forward,  5’-CCATGTACGTTGCTATCCAGG-3’  and 
reverse, 5’-TCTCCTTAATGTCACGCACGA-3’. Quantita-
tive analysis was calculated using the 2–ΔΔCt method.

Statistical analysis. In this study, graphs were produced 
by GraphPad Software V8.0. Student’s t-test was used to 
compare the two groups, and for multiple comparisons 
(more than two groups), ANOVA analysis was employed to 
show the significance, and Tukey test was employed as Post 
Hoc test for multiple comparisons of groups. The experi-
mental data were expressed as mean ± SD. A p-value <0.05 
was considered statistically significant.

Results

RHBDD1 is highly expressed in NSCLC clinical 
tissues and cell lines. At the beginning of this research, we 
noticed that the expression level of RHBDD1 is elevated in 
several types of cancers, and validated it in lung adenocar-
cinoma (LUAD) and lung squamous cell carcinoma (LUSC) 
clinical samples from TCGA (The Cancer Genome Atlas) 
database (https://portal.gdc.cancer.gov/) using the online 
tool GEPIA2 (http://gepia2.cancer-pku.cn/). To confirm 
the potential role of RHBDD1 in the development and 
progression of NSCLC, we analyzed RHBDD1 expression in 
45 paired NSCLC tissues and adjacent tissues by RT-PCR 
and immunohistochemistry (IHC). As shown in Figure 1A, 
the expression of RHBDD1 was significantly increased in 
NSCLC tissues compared to adjacent tissues. The median 
expression in NSCLC tumors was 3.5 times that of normal 
tissues. The results of subsequent IHC experiments further 
confirmed this conclusion (Figure 1B). Also, we noticed that 
RHBDD1 expression was localized in the plasma membrane 
and cytoplasm. With the increase of pT (pathological tumor) 
staging, the expression of RHBDD1 in NSCLC tissues was 
generally gradually and seriously increased (Figure 1B). 
At the same time, RHBDD1 expression was detected in 
several NSCLC cell lines. As shown in Figures 1C and 1D, 
RHBDD1 was generally highly expressed in NSCLC cell 
lines compared to normal lung bronchial epithelial cell line 
HBE. Among them, RHBDD1 protein was the most signifi-
cantly higher in A549 and H1299 cells.

RHBDD1 is positively correlated with the prolifera-
tion of NSCLC cells. In order to explore the regulatory role 
of RHBDD1 in NSCLC cells in vitro, we selected A549 and 
H1299 cell lines with high RHBDD1 expression. The expres-
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tent with those in A549 cells. On the contrary, overexpres-
sion of RHBDD1 in A549 and H1299 cells showed a reverse 
signature of the cell cycle (Figures 2C, 2D).

We further investigated whether RHBDD1 changed the 
signal pathways related to the cell cycle and G1/S phase 
transition, thereby affecting the cell cycle progression and 
the G1/S phase arrest. Western blotting results showed that 
RHBDD1 knockdown inhibited the expression levels of 
cyclin-related proteins CDK2 and p-Akt phosphorylation 
at Ser473 (Figure 2E). Conversely, further upregulation of 
RHBDD1 expression partially promoted the levels of these 
molecules (Figure 2E). RHBDD1 knockdown also inhibited 
tumor growth in vivo in the subcutaneous tumor-bearing 
assay, while RHBDD1 overexpression promoted tumor 
growth (Figures 3A, 3B). Immunohistochemical experi-

sion of RHBDD1 was knocked down by specific siRNA 
targeting at RHBDD1. Cell proliferation levels of A549 and 
H1299 were significantly reduced after RHBDD1 knock-
down (Figure 2A). Subsequent analysis of clone formation 
further demonstrated that colony number was remarkably 
lower in RHBDD knockdown cells than in normal A549 
and H1299 (Figure 2B). In contrast, after transfection of 
RHBDD1 expression plasmid in A549 and H1299 cells, the 
proliferation ability was elevated in A549 and H1299 cells. 
Next, we analyzed the effect of RHBDD1 on the proliferation 
cycle of NSCLC cells. Cell cycle flow analysis showed that 
RHBDD1 knockdown significantly decreased the propor-
tion of the S phase cells in both A549 and H1299 cells, while 
its overexpression significantly increased the number of the 
cells at the S phase. The findings in H1299 cells were consis-

Figure 1. RHBDD1 expression is generally high in NSCLC tissues and cells. A) RT-PCR analysis was employed to detect the expression level of RH-
BDD1 in adjacent normal tissues (n=45) and NSCLC tissues (n=45). ***p<0.001 vs. adjacent normal. B) Immunohistochemical (IHC) analysis of the 
RHBDD1 expression between the different phases of NSCLC tissues and the adjacent tissues. Scale bar 200 μm. C) RT-PCR analysis was employed to 
detect the expression level of RHBDD1 in human bronchial epithelial cells and the NSCLC cell lines. *p<0.05, **p<0.01, ***p<0.001 vs. HBE cells. D) 
Western blot analysis was employed to detect the expression level of RHBDD1 in human bronchial epithelial cells and the NSCLC cell lines. **p<0.01, 
***p<0.001 vs. HBE cell.
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Figure 2. RHBDD1 is positively correlated with the proliferation of NSCLC cells in vitro. A) A CCK-8 assay was employed to analyze the effects of 
up- or downregulation of RHBDD1 on cell viability in NSCLC cell lines A549 and H1299. *p<0.05, ***p<0.001 vs. control or control-pc-NC. B) Cell 
clone formation assay was employed to analyze the effects of up- or downregulation of RHBDD1 on cell proliferation in NSCLC cell lines A549 and 
H1299. *p<0.05, ***p<0.001 vs. control or control-pc-NC. C, D) Flow cytometry analysis was employed to analyze the effect of up- and downregulated 
RHBDD1 on the cell cycle in A549 and H1299 cell lines. *p<0.05, ***p<0.001 vs. control or control-pc-NC. E) Western blot analysis was employed to 
analyze the regulatory role of RHBDD1 on CDK2 and p-Akt. 
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Figure 3. RHBDD1 is positively correlated with the growth of NSCLC cells in vitro. A, B) The tumor volume of each group was calculated and stripped 
out for macroscopy after execution. ***p<0.001 vs. control or control-pc-NC groups. C) IHC analysis of Ki67 and PCNA expression of the xenografts 
tissue. Scale bar 50 μm



THE FUNCTION OF RHBDD1 IN NSCLC 317

ments showed that, at the molecular level, RHBDD1 knock-
down reduced the expression of Ki67 and PCNA, markers of 
cell proliferation (Figure 3C).

RHBDD1 induces the secretion of TGF-α and then 
activates the EGFR/Raf/ERK signaling pathway to 
promote cell proliferation. Previous studies have shown 
that RHBDD1 can promote the expression of TGF-α 
in colon cancer, and then activate the EGFR/Raf/ERK 
signaling pathway. We analyzed whether RHBDD1 has a 
similar promoting function in NSCLC. The enzyme-linked 
immunosorbent assay results showed that the overexpression 
of RHBDD1 in A549 cells further stimulated the secretion of 
TGF-α. The knockdown of RHBDD1 significantly reduced 
the expression of TGF-α in the supernatant of cells, but the 
following overexpression of RHBDD1 can rescue this process 
(Figure 4A). As an activator of the EGFR receptor, TGF-α 
secreted by cells promotes the phosphorylation and activa-
tion of EGFR. Our results showed that RHBDD1 overexpres-
sion induced increased secretion of TGF-α promoted the 
levels of p-EGFR, p-Raf, and p-ERK (Figure 4B). Conversely, 
RHBDD1 knockdown inhibited activation of the EGFR/Raf/
ERK signaling pathway (Figure 4B).

We examined whether RHBDD1 has the promotive 
regulatory effect on NSCLC cell proliferation through the 
EGFR/Raf/ERK signaling. The results shown in Figure 4C 
indicated that the overexpression of RHBDD1 could signifi-
cantly promote cell proliferation. However, the addition of 
the EGFR inhibitor AG1478 almost completely inhibited 
the proliferation process of cancer cells, while MEK inhib-
itor U0126 partially inhibited the proliferation number of 
cancer cells. Similar results were found in the following clone 
formation experiment (Figure 4D). These results suggest that 
RHBDD1 promotes the proliferation of cancer cells through 
the EGFR/RAF/ERK signaling pathway in NSCLC.

RHBDD1 inhibits apoptosis by modifying and 
cutting downstream BIK. FACS analysis showed that the 
percentage of total apoptotic cells in A549 cells signifi-
cantly increased in RHBDD1-KD cells (Figures 5A, 5B). 
Conversely, RHBDD1-overexpression (OE) partially 
decreased apoptosis rates in A549 and H1299 (Figures 5A, 
5B). At a molecular level, RHBDD1 knockdown promoted 
cleavage of caspase 3 and caspase 7 expression in A549 and 
H1299 cells. On the contrary, overexpression of RHBDD1 
further inhibited the cleavage (Figure 5C). In terms of the 

Figure 4. RHBDD1 regulates the EGFR/Raf/MEK/ERK signaling pathway to promote cell proliferation. A) The level of soluble TGF-α in the superna-
tant of each group of cells was measured by enzyme-linked immunosorbent assay (ELISA). ***p<0.001. B) Western blotting was applied to analyze the 
effect of up- or downregulation of RHBDD1 on the activity of the EGFR/Raf/MEK/ERK signaling pathway. C) CCK-8 analyses were employed to ana-
lyze the cell viability ability of each group. *p<0.05, **p<0.01, ***p<0.001 vs. RHBDD1-OE group. D) Clone formation analyses were used to determine 
the cell proliferation ability of cells in each group. *p<0.05, **p<0.01, ***p<0.001 vs. RHBDD1-OE group.
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mechanism of RHBDD1 regulating apoptosis, we specu-
lated that RHBDD1 inhibited the process of apoptosis by 
modifying and splicing downstream BIK. Through western 
blotting analysis (Figure 5D), we found that overexpression 
of RHBDD1 in A549 and H1299 cells increased cleaved BIK 
level, and RHBDD1 knockdown further decreased cleaved-
BIK level compared to control groups. However, the effects 
of the manipulated RHBDD1 expression could be blocked by 
the proteasome inhibitor Velcade (Figure 5D).

In addition, we found that the overexpression of RHBDD1 
in H1299 cells promoted the accumulation of endogenous 
K48 polyubiquitinated protein. Conversely, knockdown of 
RHBDD1 further inhibited the expression of K48 polyubiq-
uitinated protein (Supplementary Figure S1).

Discussion

A recent study has shown that RHBDD1 was highly 
expressed in colorectal cancer tissues and was closely related 
to the survival of colorectal cancer patients [10]. RHBDD1 
in colorectal cancer promotes tumor proliferation and 
metastasis by activating the EGFR/Raf/MEK/ERK signaling 
pathway and ZEB1 gene. After the knockdown of RHBDD1 
in vivo and in vitro, the proliferation ability and migration/
invasion ability of colorectal cancer cells decreased signifi-
cantly [7, 10]. At the same time, abnormally high expres-
sion of RHBDD1 was also found in breast cancer tissue, 
which promoted breast cancer progression by regulating 
the levels of p-Akt and CDK2 proteins, and was related to 

Figure 5. The expression level of RHBBD1 is inversely correlated with apoptosis. A, B) Flow cytometry was used to detect the percentage of apoptosis 
of each group. **p<0.01, ***p<0.001 vs. control or control-pc-NC. C) The protein levels of cleaved caspase 3 and cleaved caspase 7 were analyzed by 
western blotting, using β-actin as a loading control. The experiment was repeated three times. D) Western blotting was used to analyze the regulation 
of BIK by RHBDD1.
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the pathological tumor (pT) staging and estrogen receptor 
(ER)-positive breast cancer [8]. In ER-positive and triple-
negative MDA-MB-231 cells, knocking out RHBDD1 can 
significantly downregulate cell proliferation and invasion 
[23]. In malignant gliomas, knocking down the high expres-
sion of RHBDD1 can also significantly inhibit the prolifera-
tion of cancer cells [25]. However, the mechanism by which 
RHBDD1 plays a role in NSCLC is still unclear. In this study, 
we observed that compared with normal lung bronchial 
epithelial cell line (HBE), RHBDD1 expression was higher 
in NSCLC cells. Previous studies have shown that RHBDD1 
has different regulatory effects on the proliferation rate of 
tumor cells and non-tumor cells, which may be caused by 
the different expression levels of RHBDD1 in tumor and 
non-tumor cell lines [8]. We proposed that the promotive 
effect of RHBDD1 on the growth of NSCLC cells may be 
attributed to its regulatory effect on the cell cycle process and 
its influence on apoptosis.

In terms of RHBDD1 inhibiting apoptosis, a previous study 
has shown that the decrease of RHBDD1 could significantly 
increase breast cancer cell apoptosis [8]. Under different 
apoptotic stimuli, RHBDD1 activates and upregulates c-Jun 
and Bcl-2, and finally inhibits the process of cell apoptosis 
[21]. In addition, as a protease, RHBDD1 can cleave the 
pro-apoptotic member BIK of the Bcl-2 family to inhibit 
cell apoptosis [22]. However, the regulatory mechanism of 
RHBDD1 in promoting apoptosis in NSCLC is still unclear. In 
our current study, we found that the knockdown of RHBDD1 
significantly increased the apoptosis of NSCLC cells, while its 
overexpression reduced their apoptosis. In terms of molecular 
mechanism, we further researched and found that RHBDD1 
in NSCLC cells could cleave BIK, resulting in upregulation of 
cleaved-BIK protein level. The addition of proteasome inhibi-
tors can partially rescue the decrease in the proportion of 
apoptosis caused by RHBDD1 overexpression.

Our next step was to explore the effect of RHBDD1 on 
the cell cycle process of NSCLC and the possible molecular 
mechanism involved. In the RHBDD1 knockdown cells, we 
observed a significant increase in the proportion of cells in 
the G1 phase after 5 hours of TdR simultaneous treatment. 
Compared with the control groups, the absence of RHBDD1 
caused the blockage of the progress from the G1 to the S 
phase. Regarding the regulation of cycle-related proteins, we 
found that the decrease of RHBDD1 by siRNA significantly 
reduced the protein levels of CDK2 and p-Akt in A549 and 
H1299 cells. Conversely, the overexpression of RHBDD1 
partially increased the protein levels of CDK2 and p-Akt. We 
speculated that RHBDD1, as a proteasome component, might 
participate in the proteolytic pathway of mediating cycle-
related proteins. As a result, we also proved that RHBDD1 
promoted TGF-α maturation and release and further 
activated the EGFR-mediated Raf/MEK/ERK signaling 
pathway [10], resembling the findings found in colorectal 
cancer. In addition, RHBDD1 is well known for its role in 
ERAD (endoplasmic reticulum-associated degradation) 

and the rapid cell cycle of cancer cells causes their survival 
and growth to depend heavily on protein homeostasis [26, 
27]. We supplementarily explored the possible relationship 
between RHBDD1 and ERAD in NSCLC, and the results 
were consistent with the previous findings that the rhomboid 
protease RHBDD1 residing in the endoplasmic reticulum 
was increased and cleaved the ubiquitinated ERAD substrate 
when the endoplasmic reticulum is stressed [28, 29].

Previous data also showed that the Akt-mediated 
signaling pathway was located downstream of EGFR, and 
a decrease in p-Akt level will downregulate the expression 
of CDK2 [30]. Therefore, we speculated that the absence of 
RHBDD1 may reduce the level of p-Akt through the Raf/
MEK/ERK signaling pathway, and ultimately inhibit the cell 
cycle process by downregulating the expression of CDK2.

In summary, RHBDD1 promotes NSCLC proliferation, 
inhibits the cell cycle process and apoptosis through the 
EGFR- and/or BIK-related signaling pathways, suggesting 
that RHBDD1 is a potential target for the treatment of 
NSCLC.

Supplementary information is available in the online version 
of the paper.
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Supplementary Figure S1. RHBDD1 up-regulates the expression of K48-Ub and was positively correlated with ERAD. Immunofluorescence was em-
ployed to detect the expression location and level of K48 ubiquitin (K48-Ub) in each group.
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