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Downregulated RPL6 inhibits lung cancer cell proliferation and
migration and promotes cell apoptosis by regulating the AKT
signaling pathway
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Background: Lung cancer is still one of the most common causes of cancer-related mortality, and the
overall survival is less than 5%. It is important and necessary to elucidate the mechanism of lung cancer
progression. Recently, more and more research has demonstrated that many ribosomal proteins (RPs) are
dysregulated in tumors. Among these RPs, ribosomal protein L6 (RPL6) is reported to promote cell growth
and cell cycle progression in gastric cancer cells through upregulating cyclin E. However, its function in lung
cancer is still unknown.

Methods: We first explored RPL6 expression in lung cancer samples. Next, we used gene knockdown
to analyze the unknown regulatory role of RPL6 in lung cancer carcinoma and lung cancer cell lines.
Furthermore, we explored the potential signaling pathway of RPL6 with Western blotting.

Results: In this study, we demonstrated that RPL6 expression was highly expressed in lung cancer tissues
and lung cancer cell lines. RPL6 downregulation inhibited H1299 and H2975 cell proliferation, migration
and induced cell apoptosis. Also RPL6 downregulation increased the protein levels of cleaved caspase-3
and Bax, while decreasing the protein level of B-cell lymphoma 2 (Bcl-2). Western blotting results showed
that proteins activating the AKT signaling pathway, such as p-AKT and p-S6, were downregulated in RPL6
knockdown lung cancer cells.

Conclusions: These findings show that RPL6 can be used as a potential therapeutic and preventive
biomarker in lung cancer treatment and prognosis by regulating the AKT signaling pathway.
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Introduction methods for lung cancer include surgery, chemotherapy,

According to Global Cancer Statistics 2020 (GLOBOCAN radiotherapy, and multimodality therapies (2). Over the

2020), 2.2 million new lung cancer cases and 1.8 million
lung cancer deaths occurred in 2020 worldwide (1).

last decade, significant progress has been made in the

treatment and diagnosis of lung cancer, such as curative

Lung cancer is the leading cause of cancer morbidity and
mortality in men, whereas in women, it ranks third for
incidence after breast and colorectal cancer, and second for
mortality after breast cancer (1). The traditional treatment
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intent, systemic targeted therapies, palliative care, and
early diagnosis (3). However, the outcomes of lung cancer
are still poor. The 5-year survival rate was shown to be

<18%, owing to poor prognosis (4). Therefore, it is of great
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significance to develop new treatment methods to improve
the survival rate and quality of life of lung cancer patients.
Ribosomal protein L6 (RPL6), a highly conserved
ribosomal protein, is an essential component of the 50S
subunit of ribosomes (5). RPL6 is located in the critical
region that maps to chromosome 12q24.1 for Noonan
syndrome (6). As reported by previous studies, RPL6
is involved in functional interaction with RbgA during
ribosome assembly (7). RPL6 is recruited to DNA damage
sites in a poly (ADP-ribose) polymerase-dependent
manner and regulates DNA damage responses (8).
Research has suggested that RPL6 can promote cell
proliferation and cell cycle apoptosis though upregulating
cyclin E in gastric cancer cells (9,10). RPL6 was reported
to regulate multidrug resistance in gastric cancer cells (11).
In addition, a study suggested that RPL6 plays an important
role in the development of drug resistance in K562/A02
cells by regulating drug-induced apoptosis (12). These
reports highlight the important role of RPL6 in solid
tumors, but the detailed mechanism of the involvement of
RPL6 in the development of lung cancer is still unknown.
Since ribosome biogenesis plays a pivotal role in lung
carcinogenesis (13), we intended to explore the significance
of RPL6 in lung cancer in this research. We found that
RPL6 was highly expressed in lung cancer tissue compared
with paracancerous tissue, and the expression of RPL6 in
3 lung cancer cell lines was significantly higher than in
normal cells. Furthermore, knockdown of RPL6 inhibited
cell proliferation and migration and induced cell apoptosis
in lung cancer cells, suggesting that it may act as a potential
therapeutic biomarker in lung cancer treatment and
prognosis by regulating the AKT signaling pathway. We
present the following article in accordance with the MDAR
reporting checklist (available at https://jtd.amegroups.com/
article/view/10.21037/jtd-22-116/rc).

Methods
Clinical samples and immunobistochemistry

A total of 26 lung cancer tissues and 15 normal tissues were
obtained from the Department of Thoracic Surgery, China-
Japan Friendship Hospital (Beijing, China) between June
2019 and May 2020. All patients were diagnosed with lung
cancer by 2 pathologists. The study was approved by the
human ethics and research ethics committees of China-
Japan Friendship Hospital (approval No. 2019-95-K63-1)
and written informed consent was obtained from all patients
prior to participation. All procedures performed in this
study involving human participants were in accordance with
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the Declaration of Helsinki (as revised in 2013).

The formalin-fixed paraffin-embedded lung cancer and
normal samples were used to detect RPL6 expression by
immunohistochemistry. Briefly, 4 pm sections on slides were
deparaffinized and rehydrated, followed by antigen retrieval.
After washing, the slides were blocked by 5% bovine serum
albumin (BSA), and then incubated with RPL6 antibody
(Abcam, ab126100, 1:200) overnight at 4 °C. Then, the
slides were incubated with the secondary antibody for 1 h.
Lastly, the slides were stained by diaminobenzidine (DAB).

Cell culture and RPL6 knockdown

The lung cancer cell lines A549, H1975, and H1299
and the normal cell line BEAS-2B were obtained from
American Type Culture Collection. All cells were
maintained in RPMI-1640 medium (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) with 10% fetal
bovine serum (Gibco, Thermo Fisher Scientific, USA)
and 1% penicillin/streptomycin (Sigma, Merck KGaA,
USA) in a humidified incubator containing 5% CO,
at 37 °C. RPL6 knockdown was performed in H1299
and H1975 cells using Lipofectamine RNAiMAX
transfection reagent (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA). The siRNAs were purchased from
GeneChem, and the sequences were as follows: siRPLG6#1:
5'-GCGCAAGAUUGAUCAGAAATT-3"; siRPL6#2:
5'-CUGCCAUGUAUUCCAGAAATT-3"; siCtrl:
5'-UUCUCCGAACGUGUCACGU-3".

RT-qPCR assay

Total RNA was extracted from H1299 and H1975 cells
using TRIzol reagent (Invitrogen). RNA concentration and
purity was determined before RNA was reverse transcribed
using qPCR RT master mix (Toyobo, Ltd. Osaka, Japan).
RT-qPCR was conducted using the SYBR qPCR kit
(TransGen Biotech) on the Real-time PCR System (Bio-
Rad). The RT-qPCR primers were as follows: RPL6-F:
5'-CAGGAAGACATAAGGGAAAGCG-3', RPL6-R:
5'-AGAGGGCAACCGTTCATAGC-3"; p-actin-F:
5'-CATGTACGTTGCTATCCAGGC-3', B-actin-R:
5'-CTCCTTAATGTCACGCACGAT-3".

Western blotting

Total proteins were extracted from cells lysed in RIPA
buffer (Beyotime Biotechnology, Shanghai, China). The
concentration of proteins was detected using the BCA kit
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Figure 1 Upregulation of RPL6 in lung cancer. (A)
Immunohistochemistry staining was performed to check RPL6
expression in lung cancer and paracancerous tissues. (B) Western
blotting of RPL6 protein level in the 3 lung cancer cell lines. Bar,
100 pm. RPL6, ribosomal protein L6.

(Beyotime Biotechnology). SDS-PAGE was performed
with 20 pg total protein, which was then transferred to
nitrocellulose membranes. Then, the membranes were
blocked in 5% non-fat milk at room temperature for 1 h.
Subsequently, the membranes were separately incubated
with antibodies against RPL6 (Abcam, ab126100, 1:1,000),
E-cadherin (Abcam, ab40772, 1:1,000), N-cadherin (Abcam,
ab76011, 1:1,000), cleaved caspase-3 (Abcam, ab32042,
1:1,000), B-cell lymphoma 2 (Bcl-2) (Abcam, ab32124,
1:1,000), Bax (CST, #2774, 1:1,000), PTEN (CST, #9188,
1:1,000), phospho-AKT (CST, #4060, 1:1,000), AKT (CST,
#9272, 1:1,000), P-S6 (CST, #2211, 1:1,000), S6 (CST,
#2217, 1:1,000), and actin (CST, #3700, 1:1,000) overnight
at 4 °C. Finally, secondary antibodies (Thermo Fisher
Scientific) were added and incubated at room temperature
for 2 h. After washing 3 times by TBST, the bands were
visualized using the enhanced chemiluminescence reagent

(Cell Signaling Technology, Inc., Shanghai, China).

Cell viability and colony formation assays

Cell viability was assessed using the Cell Counting Kit-
8 (CCK-8, Beyotime Biotechnology) reagent. H1299 and
H1975 cells (2x10°) were added into a 96-well plate and
cultured at 37 °C for 24, 48, 72, and 96 h. A volume of 10 pLL
CCK-8 reagent was added to each well and cultured at 37 °C
for 2 h. The absorbance at 450 nm was measured by a
microplate reader (Detie).

For the colony formation assay, H1299 and H1975
cells were added to a 6-well plate at 500 cells per well.
After 14 days of culture at 37 °C, cells were fixed by 4%
paraformaldehyde for 30 min. Then, the cells were stained
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with 0.1% crystal violet for 20 min.

Cell apoptosis assay

For the apoptosis assay, cells were collected and stained by the
Annexin V-FITC apoptosis detection kit (Yeasen Biotechnology,
Shanghai, China. Briefly, H1299 and H1975 cells transfected
with siRPL6 or siCtrl were collected and suspended in binding
buffer. Next, the cells were incubated with Annexin V for 15
min. The cells were then washed and resuspended. Finally, the
cells were incubated with 5 pl propidium iodide for 15 min in
the dark and subjected to flow cytometry for further analysis
using a flow cytometer (Beckman).

Transwell assay

A total of 4.0x10° H1975 and H1299 cells transfected with
siRPL6 or siCtrl were seeded into the upper chamber of the
transwell and cultured in 200 pL. RPMI-1640 with no fetal
bovine serum. Additionally, 500 pL RPMI-1640 medium
supplemented with 10% fetal bovine serum was added into
the lower chamber. After being cultured at 37 °C for 24 h,
the cells were fixed with 4% paraformaldehyde and stained
with 0.05% crystal violet.

Statistical analysis

The data are expressed as means+SD. Student’s #-test was used
to assess differences between 2 different groups. To analyze
differences between more than 2 groups, one-way ANOVA
followed by Tukey’s post hoc test was performed. P<0.05 was
considered to indicate statistically significant differences.

Results
RPL6 was upregulated in lung cancer

The results of immunohistochemistry experiments showed
that RPL6 was highly expressed in lung cancer tissue
compared to paracancerous tissue (Figure 14 and Table I).
Western blotting results indicated that RPL6 was highly
expressed in all 3 lung cancer cell lines (Figure 1B). These
results indicate that RPL6 is involved in lung cancer.

RPL6 knockdown in lung cancer cell lines

We used small-interfering RNAs to downregulate the
expression of RPL6 in H1299 and H1975 cells. RT-qPCR
(Figure 24) and western blotting (Figure 2B) showed low
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Table 1 The expression of RPL6 in lung cancer and normal tissues

RPL6 expression

Type o P value
Low High

Normal 39 15 27.08 <0.001

Lung cancer 12 42

RPL6, ribosomal protein L6.
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RPL6 expression levels in siRPL6-transfected H1299 and
H1975 cells, confirming the knockdown.

Knockdown of RPL6 significantly inhibited cell proliferation

"The viabilities of H1299 (Figure 34) and H1975 cells (Figure 3B)
transfected with siRPL6 were significantly decreased compared

H1299 H1975
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Figure 2 RPL6 knockdown in H1299 and H1975 cells. (A) RT-gPCR results of RPL6 mRNA levels in H1299 and H1975 cells transfected
with siRPL6. (B) Western blotting results of RPL6 protein levels in H1299 and H1275 cells transfected with siRPL6. The loading control

was GAPDH. ***, P<0.001. RPL6, ribosomal protein L6.
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Figure 3 Knockdown of RPLG6 inhibited cell proliferation. (A) CCK-8 results showing the viability of H1299 cells transfected with siCtrl,
siRPL6#1, and siRPL6#2. (B) CCK-8 results showing the viability of H1975 cells transfected with siCtrl, siRPL6#1, and siRPL6#2. (C)
Colony formation results of H1299 and H1975 cells transfected with siCtrl, siRPL6#1, and siRPL6#2. The cells were stained with 0.1%
crystal violet. **, P<0.01; ***, P<0.001. Bar, 1 cm. RPLG, ribosomal protein L6.
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Figure 4 Knockdown of RPL6 inhibited cell migration. (A) Transwell results of H1299 and H1975 cells transfected with siCtrl, siRPL6#1, and
siRPL6#2. The migrated cells were stained with 0.05% crystal violet. (B) Western blotting results of proteins related to migration in H1299
and H1975 cells transfected with siCtrl, siRPL6#1, and siRPL6#2. **, P<0.01; ***, P<0.001. Bar, 100 pm. RPL6, ribosomal protein L6.
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Figure 5 Knockdown of RPL6 induced cell apoptosis. (A) Flow cytometry results of H1299 and H1975 cells transfected with siCtrl,
siRPL6#1, and siRPL6#2. (B) Western blotting results of proteins related to apoptosis in H1299 and H1975 cells transfected with siCtrl,

siRPL6#1, and siRPL6#2. ***, P<0.001. RPL6, ribosomal protein L6.

with cells transfected with siCtrl. The number of cell colonies
formed by H1299 and H1975 cells transfected with siRPL6
were also decreased compared with siCtrl cells (Figure 3C).

Knockdown of RPL6 inhibited cell migration

The percentages of migrated H1299 and H1975 cells
transfected with siRPL6 were significantly lower than
cells transfected with siCtrl (Figure 44). The protein level
of N-cadherin, which promotes cell migration, was also
significantly decreased in H1299 and H1975 cells transfected
with siRPL6 compared with siCtrl-transfected cells. In
contrast, the protein expression of E-cadherin, which inhibits
cell migration, was significantly increased (Figure 4B).

Knockdown of RPL6 induced cell apoptosis

Flow cytometry results showed that, compared with the
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siCtrl group, the percentage of apoptotic cells in the 2
siRPL6 groups were increased by nearly double (Figure 5A).
Western blotting results showed that cleaved caspase-3
and Bax, which promote cell apoptosis, were upregulated
in siRPL6-transfected H1299 and H1975 cells, while Bcl-
2, which inhibits apoptosis, had significantly decreased
expression (Figure 5B). The results revealed the pro-apoptosis
function of RPL6 knockdown in lung cancer cell lines.

Knockdown of RPL6 inhibited the AKT signaling pathway

Western blotting results showed that the p-AKT and p-S6
proteins in the AKT signaling pathway were significantly
downregulated in siRPL6-transfected H1299 and H1975
cells, while phosphatase and tensin homolog (PTEN) was
significantly upregulated (Figure 6). The results showed
that downregulated RPL6 inhibits cell proliferation and
migration and induces cellular apoptosis through the AKT
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Figure 6 Knockdown of RPL6 inhibits the AKT signaling
pathway. Western blotting results of proteins related to the AKT
signaling pathway in H1299 and H1975 cells transfected with
siCtrl, siRPL6#1, and siRPL6#2. RPL6, ribosomal protein L6.

signaling pathway.

Discussion

Lung cancer is the leading cause of cancer-related deaths
worldwide. The underlying molecular mechanisms need
to be better understood to offer improved treatment for
lung cancer. RPLG is reported to participate in the cellular
response to multidrug resistance (11) and acts as a critical
regulator of cell growth, the cell cycle in solid tumors
(9,12), and the DNA damage response (8). Nevertheless,
the potential functions and underlying mechanism of RPL6
in lung cancer development remain unclear. In this study,
we showed that RPL6 was highly expressed in lung cancer
and that its knockdown could suppress the proliferation and
migration of lung cancer cells. At the same time, western
blotting results showed that the protein level of E-cadherin
was increased while N-cadherin was significantly decreased
in lung cancer cells after RPL6 knockdown. Cadherins
are calcium-dependent cell adhesion proteins (14). They
preferentially interact with themselves in a homophilic
manner to facilitate cell adhesion. Cadherins may therefore
contribute to the sorting of heterogeneous cell types.
E-cadherin, with locus on chromosome 16, is involved in
mechanisms regulating cell-cell adhesion, mobility, and the
proliferation of epithelial cells as a tumor suppressor (14).
N-cadherin is mapped to chromosome 18 and has important
roles in the early stages of neural development, including
in the proliferation and differentiation of neural progenitor
cells, thereby serving as an oncogene (15). Downregulation
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of E-cadherin and upregulation of N-cadherin are the
markers of epithelial to mesenchymal transition (EMT),
which plays an essential role in regulating cancer metastasis.
Additionally, metastasis is the major risk factors for the
death of lung cancer patients. Thus, we proposed that RPL6
might be involved in the patient risk stratification and local
regional metastasis in lung cancer.

Furthermore, flow cytometry results showed that
RPL6 knockdown-induced apoptosis of lung cancer
cells and the protein levels of cleaved caspase-3 and
Bax were increased, while Bcl-2 expression decreased
significantly. Apoptosis is orchestrated by caspases, a
family of cysteine proteases that cleave their substrates
on the carboxy-terminal side of specific aspartic acid
residues. Therefore, the detection of cleaved caspase-3
is considered a reliable marker for cells that are dying or
have died by apoptosis (16). Bcl-2 is an anti-apoptotic
gene which is anti-proliferative by facilitating GO (17).
BAD is a BH3-only member of the Bcl-2 family that
possesses important regulatory functions in apoptosis, and
antagonizes the cell cycle and anti-apoptotic functions of
Bcl-2 (18).

Lastly, we detected the expression levels of proteins
involved in the AKT signaling pathway and found that
p-AKT and p-S6 were significantly downregulated
while PTEN was significantly upregulated in RPL6-
knockdown cells. The AKT signaling pathway is a critical
signaling pathway in the cellular processes of cancers and
is closely related to cell apoptosis, migration, invasion, and
differentiation (19). AKT, also known as protein kinase
B (PKB), is an attractive therapeutic target in cancer as it
inactivates pro-apoptotic proteins such as BAD to block
apoptosis, and p-AKT is the activated form of AKT (20).
PTEN is a notable tumor suppressor and can negatively
regulate the PTEN/PI3K/AKT signaling pathway through
dephosphorylation of AKT (21). p-S6 is a downstream
molecule in the mTOR pathway, and its expression level is
associated with the overall survival of some solid cancers,
thereby having the potential to be a prognostic factor (22).
These results suggest that RPL6 likely functions as an
oncogene by activating the AKT signaling pathway in
lung cancer cell proliferation and migration. AKT/mTOR
signaling is involved in regulating the activity of other
signaling pathways, such as GSK-3p/p-catenin, MDM?2/
P53, autophagy, and glycolysis (23,24). So RPL6 might also
act as the master modulator for these signals.

There were some limitations in this study. (I) We did
not investigate upstream non-coding RNAs which might

7 Thorac Dis 2022;14(2):507-514 | https://dx.doi.org/10.21037/jtd-22-116



Journal of Thoracic Disease, Vol 14, No 2 February 2022

regulate RPL6 expression, including hsa_circ_0006848/
hsa_miR-329-5p axis (25), hsa-miR-5690, hsa-miR-7852-
3p, hsa-miR-4698 and hsa-miR-4311, which were analyzed
from TargetScan. (II) Rescue experiments were needed to
explore the contribution of AKT/mTOR signaling pathway
to the oncogenic function of RPL6. In the future, we will
perform intensive experiments to illustrate the upstream
and downstream singaling of RPL6 in lung cancer.

Conclusions

We demonstrated that RPL6 functions as an oncogene
in lung cancer via regulating the AKT signaling pathway.
Upregulation of RPL6 expression was observed in lung
cancer samples and its downregulation suppressed the
proliferation and invasion of H1299 and H1975 cells.
Downregulation of RPL6 expression also suppressed
the migration of H1299 and H1975 cells, decreased the
protein levels of oncogenes related to cell migration such as
N-cadherin, while at the same time, increased the protein
level of anti-tumor genes such as E-cadherin. Furthermore,
RPL6 knockdown induced cell apoptosis and promoted
the expression of apoptosis-related proteins such as cleaved
caspase-3 and Bax. The p-AKT and p-S6 proteins related
to the AKT signaling pathway were significantly decreased
in RPL6 knockdown cells. Therefore, our study sheds
light on the function of RPL6 in lung cancer progression
via the AKT signaling pathway. The findings in this study
suggested that overexpression of RPL6 might serve as a
diagnostic and therapeutic target for lung cancer. In the
future, intensive studies should be carried out on the drugs
which can inhibit the function of RPL6 that may benefit for
lung cancer patients.
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