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Sec61γ is a vital protein in the endoplasmic reticulum
membrane promoting tumor metastasis and invasion
in lung adenocarcinoma
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BACKGROUND: Lung adenocarcinoma (LUAD) is one of the most common malignant tumors worldwide. Finding effective
prognostic markers and therapeutic targets is of great significance for controlling metastasis and invasion clinically.
METHODS: The open copy-number aberrations and gene expression datasets were analysed, and the data of 102 LUAD patients
was used for further validation. The cell proliferation, colony formation, migration, invasion assays and mice tumor models were
used to detect the function of SEC61G. The epidermal growth factor receptor (EGFR) pathway was also detected to find the
mechanism of Sec61γ.
RESULTS: Based on the open datasets, we found that the high level of SEC61G mRNA may drive LUAD metastasis. Furthermore, the
overexpression of Sec61γ protein was significantly associated with poor prognosis and greater tumor cell proliferation and
metastasis. The SEC61G knockdown could inhibit the EGFR pathway, including STAT3, AKT and PI3K, which can be reversed by
Sec61γ overexpression and epithelial growth factor (EGF) supplement.
CONCLUSIONS: Sec61γ promoted the proliferation, metastasis, and invasion of LUAD through EGFR pathways. Sec61γ might be a
potential target for the treatment of LUAD metastases.
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INTRODUCTION
Lung cancer, a rapidly metastatic and highly invasive cancer, has
become the top killer cancer threatening human health and life. It
is the most frequently diagnosed cancer, and its mortality ranks
first in cancer-induced death, as reported by the Global Cancer
Statistics 2018 [1]. On the basis of the histopathological type, lung
cancer can be divided into non-small cell lung cancer (NSCLC) and
small cell lung cancer (SCLC), among which lung adenocarcinoma
(LUAD) is one of the most common subtypes [2]. Although current
studies on molecular markers and therapeutic targets for lung
cancer are very extensive, limited genes can be used in clinical
practice to effectively suppress metastasis and improve prognosis
[3]. Thus, finding effective targets for alleviating the proliferation,
migration and invasion of lung cancer is of great significance,
which would significantly ameliorate the prognosis of patients.
However, the false-negative rate of current preoperative imaging
techniques in detecting tiny distant metastases would limit the
study on tumor metastasis [4, 5]. Previously, we have reported a
prognostic signature, including 9 gene pairs (9-GPS), for identify-
ing LUAD patients with potential occult metastases [6, 7], which
could aid in the identification of robust genomic characteristics of
LUAD patients with metastases.

Proteins expressed in the endoplasmic reticulum (ER) mem-
brane play a significant role in polypeptide translocation into the
ER [8]. The translocation channel allows the polypeptide chain to
translocate across the ER lumen [9]. In eukaryotes, Sec61, Sec62
and Sec63 are the core proteins comprising the translocation
channel [10], and the Sec61 complex achieves its function through
interaction with ribosome and membrane protein [11, 12]. The
conserved heterotrimeric membrane-protein Sec61 complex
constructs the protein-conducting channel for the translocation
of a majority proteins [13]. Additionally, the Sec61 complex is
reported to be a potential ER Ca2+ leak channel associated with
cell motility and invasion [14, 15]. To sum up, existing studies
demonstrate that Sec61 plays a regulatory role in intracellular
signal transduction and protein transport.
Recently, there are few studies on Sec61γ, especially in LUAD.

One report utilised SEC61G as a latent prognostic marker for
predicting survival and treatment response in glioblastoma
patients [16]. Another research reported that Sec61γ, one member
of the SEC61 translocon, was obviously upregulated in glioblas-
toma patients [17]. In NSCLC clinical samples, increased Sec62
expression was noticeably associated with decreased patient
survival [18]. Metastasis, a process where tumor cells spread
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progressively from the primary site to distant colonising organs, is
a main factor of cancer patients’ deaths [16]. In NSCLC patients,
high levels of Sec62 are correlated with lymph node metastasis
and poorly differentiated tumors [19], suggesting its potential
function on tumor metastasis. However, the latent roles of these
proteins as diagnostic or prognostic biomarkers remain unknown,
and the potential correlation between Sec61γ expression and
tumor development need to be further studied.
A previous study exhibited that SEC61Gmodulated downstream

signalling pathways through acting as an independent gene or a
SEC61G-epidermal growth factor receptor (EGFR) gene fusion [20].
Another study on glioblastoma indicated that SEC61G and EGFR
are frequently co-amplified and co-expressed in the same patient
[21]. These results imply that the expression patterns of Sec61γ
and EGFR may be interdependent. As is known, EGFR pathway
activation could significantly facilitate tumor development and
progression. The activated EGFR protein can initiate various
downstream signalling pathways, including phosphatidylinositol
3-kinase (PI3K)/protein kinase B (AKT) [22] and STAT3 [23]
pathways, which could promote epithelial–mesenchymal transi-
tion (EMT) and upregulation matrix metalloproteinases (MMPs)
[24, 25]. All these changes can significantly promote tumor
growth, metastasis and angiogenesis [26, 27]. In addition, tumor
cells can release angiogenesis factors, such as vascular endothelial
growth factor (VEGF), to stimulate the growth of neovasculariza-
tion [28, 29]. A recent study found that the 216G/T-induced
overexpression of the EGFR protein was associated with the
pleural metastasis risk of LUAD [30].
In this study, we utilised 9-GPS-assisted clinical diagnosis to select

the potential molecular markers that are highly expressed in LUAD
metastasis samples and remarkably associated with the prognosis.
The results demonstrated that Sec61γ might be a key factor on the
metastasis, invasion, and clinical prognosis of LUAD. To confirm
whether Sec61γ was a potential marker for lung cancer, we
identified the function of Sec61γ on metastasis and invasion of
LUAD with cell lines and mice. Moreover, the interaction and co-
expression of Sec61γ and EGF on related signalling pathways were
investigated. We supposed that Sec61γ was a potentially effective
tumor marker and therapeutic target ameliorating the proliferation,
metastasis and prognosis of LUAD.

MATERIALS AND METHODS
Public data and preprocessing
The copy-number aberrations (CNAs) and mRNA expression profiles of 511
Stage I–IV primary LUAD samples were downloaded from The Cancer
Genome Atlas (TCGA) database (http://cancergenome.nih.gov/). The LUAD
samples included 218 samples of patients without metastases, and
293 samples of patients with lymph node metastases or distal metastases.
The other three public gene expression profiles were downloaded from
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/), which
were used to test the association of gene expressions with cancer
progression and metastasis. As described in Table 1, two datasets
(GSE68465 and GSE31210) recorded survival information of 315 and 204
Stage I–III LUAD patients without receiving adjuvant therapies, respec-
tively, and one dataset (GSE50081) included 94 samples of patients
without metastases and 33 samples of LUAD patients with lymph node
metastases.
CNA data derived from TCGA were processed with the GISTIC algorithm

using the thresholds of 0.3 for copy-number amplified regions and –0.3 for
copy-number deleted regions. For transcriptional data derived from Illumina
HiSeq 2000 RNA Sequencing Version 2, the normalised count values
processed by RSEM method were extracted and log-transformed (log2(-
RSEM+ 1)) as the gene expression measurements. For transcriptional data
generated by Affymetrix platforms, the Robust Multi-array Average algorithm
was used for preprocessing the raw data. Probe IDs were mapped to Gene
IDs according to the corresponding platform files. For each sample, the
expression measurements of all probes corresponding to the same Gene ID
were averaged to obtain a single measurement. Probes that did not match
any Gene ID or matched multiple Gene IDs were deleted.

Reclassification of metastasis states with the aid of prognostic
signature
First, the prognostic 9-GPS, consisting of nine gene pairs with a strict
voting criterion for low-risk identification [6], was applied to the gene
expression profiles of 511 LUAD samples derived from TCGA. A cancer
sample was classified as a low-metastasis risk if more than seven gene
pairs in 9-GPS (7/9-GPS) voted for low-metastasis risk, and vice versa. The
detailed risk classification rule of 7/9-GPS was described in the original
literature [6, 7]. Here, patients who were clinical diagnosed as non-
metastasis (N0M0) and classified as a low-metastasis risk by 7/9-GPS were
defined as the non-metastasis group, and the other patients who were
clinically diagnosed as metastasis or classified as a high-metastasis risk by
7/9-GPS were defined as the metastasis group.

Clinical sample
Tissue samples were obtained from 102 LUAD patients who underwent
surgery at Harbin Medical University Cancer Hospital (Heilongjiang, China)
from 2008 to 2014. All experiments were operated under the tenets of the
Declaration of Helsinki, and each subject signed informed consent. The
clinical data, including age, sex, smoking status, tumor stage, primary
tumor size and lymph node status, were recorded.

Animals and cell lines
Adult female BALB/c nude mice (4–6 weeks) were obtained from the
Experimental Animal Center, Chinese Academy of Sciences (Beijing, China).
All animal studies were conducted in compliance with the American
Animal Protection Legislation and with ethical approval by the Institutional
Animal Care and Use Committee of Harbin Medical University. The mice
were maintained under a specific pathogen-free environment with 12 h
light/dark cycles at 22 °C and 60% relative humidity and were treated with
free access to water and food.
Human NSCLC cells (HCC827, H1299, H1650, H1915, A549 and PC9),

human large-cell lung carcinoma cells (H460 and H661), human lung
squamous carcinoma cells (H2170) and LUAD cells (PC14) were all
obtained from the American Type Culture Collection (Manassas, VA,
USA). Cells were cultured in DMEM supplemented with FBS (Gibco), 1% L-
glutamine (Gibco), and 1% penicillin–streptomycin (Gibco), in an atmo-
sphere of 5% CO2 at 37 °C. A549 and H1650 which were used frequently in
this project had been identified the sources by STR profiling.

Immunohistochemistry staining
Five micrometres of paraffin‑embedded tissues was deparaffinized with a
xylene soak and rehydrated by decreasing the concentration alcohol. A
95 °C water bath was utilised for antigen retrieval with citrate-based buffer
at pH 6.0 for 20min prior to Sec61γ polyclonal antibody (Proteintech,
11147-2-AP, 1:50) incubation. The tissue samples were treated with
biotinylated secondary antibody (Servicebio, GB23303, 1:200), after
washing with PBS for three times. Then, slides were treated with avidin-
biotin–peroxidase complex, counterstained with haematoxylin, and
examined with a light microscope (Olympus, Tokyo, Japan). The Sec61γ
intensity was measured with a four-point intensity scale (a): 0-point (no
staining), 1-point (faint staining), 2-point (moderate staining), and 3-point
(strong staining). The percentage of positive cells (b) was categorised as
follows: <1%, score 0; 1–29%, score 1; 30–69%, score 2; and >70%, score 3.

Table 1. Correlation between SEC61G gene levels and LUAD
occurrence and metastasis.

Characteristic Data T state P value

LUAD vs normal

GSE18842 6.9944 3.25E-09

GSE19804 6.8202 4.13E-10

Metastasis vs non-metastasis

Pathological metastasis GSE50081 1.4204 0.157207

Pathological metastasis
+7/9− GPS-assisted

GSE50081 4.6771 5.71E-06

Pathological metastasis GSE30219 1.1553 0.2489

Pathological metastasis
+7/9− GPS-assisted

GSE30219 5.8223 1.56E-08
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The final score was calculated by (a) × (b): negative (–), score 0; weakly
positive (+), score 1–3; positive (++), score 4–6; strongly positive (+++),
score 7–9. The samples were divided into the high-Sec61G group (score
4–9) and low-Sec61G group (score 0–3) based on Sec61G expression.

Immunofluorescence staining
Cells were seeded on the coverslips and were fixed in 4% paraformalde-
hyde. After being treated with 0.5% Triton X-100 for permeabilization, cells
were incubated with Sec61γ primary antibody (Proteintech, 11147-2-AP,
1:50) at 4 °C overnight. After washing with PBS for three times, coverslips
were incubated with Cy3-conjugated goat anti-rabbit fluorescent second-
ary antibody (Servicebio, GB21303, 1:300) for 1 h in the dark at room
temperature. After washing with PBS for three times, the coverslips were
stained with DAPI (4, 6-diamidino-2-phenylindole, dihydrochloride).
Fluorescence images were obtained using 3DHistech Pannoramic SCAN
(3DHistech Ltd., Hungary). Six randomly selected fields in each group were
photographed (×200 magnification). The mean fluorescence intensity was
quantified using Image J software.

Plasmids construction
For gene silencing or overexpression, we constructed SEC61G siRNA-1
and siRNA-2, negative control (NC) siRNA, Lv-shSEC61G, Lv-scramble,
SEC61G overexpression vector or NC vector based on the procedure. The
siRNA sequences are: siRNA-1: 5’-CACTAAACCTGATAGAAAA-3’; siRNA-2:
5’-GACTCCATTCGGCTGGTTA-3’.
siRNA sequences for Lv-scramble are: TTCTCCGAACGTGTCACGTAA,
shRNA sequences for Lv-shSec61G are:
GATCCGTTCTCCGAACGTGTCACGTAATTCAAGAGATTACGTGACACGTTCG

GAGAATTTTTTC (Top strand),
AATTGAAAAAATTCTCCGAACGTGTCACGTAATCTCTTGAATTACGTGACAC

GTTCGGAGAACG (Bottom strand).
qRT-PCR was utilised to evaluate the silencing or overexpression effect.

Virus transfection
Before lentivirus transfection, cell paving was operated, and cells were
planted in 12-well plates (1.2 × 105 cells /well) or in six-well plates
(2.4 × 105 cells/well). The next day, the original culture medium was
removed with 2 mL fresh culture medium, including polybrene (6 g/mL).
The viral suspension was added and cells were cultured under 37 °C for
4 h. Lipofectamine 2000 reagent (Beyotime, Shanghai, China) was used
for virus transfection. Then, the medium was changed, and the
incubation continued for 24 h. After that, the medium containing virus
was substituted by fresh medium. After 24–48 h, subsequent experi-
ments were operated.

qRT-PCR
RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA, USA) as
stated by the description. The cDNA was produced by the FastQuant RT kit
(Tiangen, Beijing, China) in accordance with the procedure. The SEC61G
level was analysed with Talent qPCR PreMix (SYBR Green) (Tiangen, Beijing,
China) in an ABI prism 7500 sequence detection system. The statistics were
standardised with β-actin. The primer sequences used in this study are:
Sec61g F: 5’-ATGGGATTCATTGGCTTCTTTG-3’,
Sec61g R: 5’-TTTCTCACACCCTCACACTTG-3’;
β-actin F: 5’-TCGTGCGTGACATTAAGGAGAAG-3’,
β-actin R: 5’-GTTGAAGGTAGTTTCGTGGATGC-3’.

Western blot
The tissues were cut into sections and prepared with RIPA buffer,
including protease inhibitors, followed by centrifugation. Then the
protein concentration was detected with BCA protein assay kit (Tiangen,
Beijing, China). After that, equal amounts of proteins were separated
with electrophoresis in SDS-PAGE (8–15% separating gel and 5%
stacking gel). Then they were removed onto PVDF membranes and
blocked with 5% non-fat milk powder for 1 h. Subsequently, at 4 °C, they
were incubated overnight with primary antibodies of anti-EGFR (Rayanti-
body, RM6002, 1:3000), anti-p-EGFR (Bioss, BS-5317R, 1:2000), anti-AKT
(Abcam, ab8805, 1:1000), anti-p-AKT (Immunoway, YP0006, 1:2000), anti-
PI3K (Abcam, ab189403, 1:1000), anti-p-PI3K (Abcam, ab182651, 1:1000),
anti-STAT3 (Abcam, ab119352, 1:5000), anti-p-STAT3 (Cell Signaling,
4113, 1:2000), anti-β-actin (Rayantibody, RM2001, 1:2500), and Sec61γ
(Proteintech, 11147-2-AP, 1:200), followed by washing with TBST. Then,

they were incubated at room temperature for 1 h with corresponding
secondary antibodies. Finally, blots were developed with enhanced ECL
Plus reagent (Millipore, Billerica, MA, USA).

CCK-8 assay
CCK-8 (Beyotime, Shanghai, China) was utilised for the detection of Cell
proliferation. The cells with or without transfection were collected at a
density of 1–2 × 105 cells/well and added into 96-well plates (100 μL/well).
After that, they were added with CCK-8 (10 μL/well) at various time points
(0, 1, 2 and 3 d) and incubated for 3 h at 37 °C. Finally, a microplate reader
(Molecular Devices, California, USA) was applied to detect the absorbance
of each well at 450 nm to analyse the viable cell number.

Colony-formation assay
Cells were seeded into 6-well plates with 600 cells/well. During 2 weeks
of incubation, the culture medium was replaced every 3 days. When
visible colonies appeared, the incubation was terminated. After fixation
with by 4% paraformaldehyde, the cells were stained by 0.1% crystal
violet (Amresco, Solon, OH, USA). The colonies were photographed and
counted.

Wound-healing assay
Cells were seeded into six‐well plates and incubated until 70% confluence.
Then, they were scratched with a 200 μL pipette tip to create a linear
wound. Afterwards, the cells were washed three times with warmed PBS to
remove cell debris and floating cells. Then, they were cultured with serum‐
free medium and incubated under 37 °C with 5% CO2. At specified time
points (0 and 24 or 48 h) after the scratch, images were taken by a
microscope system (Olympus, Tokyo, Japan). Five wound positions were
randomly selected for measurement in each group. The wound-healing
rate was calculated as follows: wound-healing rate (%)= (0-h width – 24-h
width)/0-h width × 100%.

Transwell migration assay
The migratory potential of cells was analysed with transwell inserts
(Corning Incorporated, Corning NY, USA). Briefly, 600 μL of serum-free
DMEM culture medium was added into the bottom chamber, and 200 μL
was added into the upper chamber. The culture medium was balanced in
the transwell inserts for 1 h at 37 °C before being removed. After 12-h
starvation, 200 μL of cell suspension was added to the upper chamber.
Cells were accessible to migrate to the bottom chamber placed
with complete medium including 10% FBS in advance. After 24 or 48 h,
culture media were removed, and cells were washed with PBS twice. After
fixation with 4% paraformaldehyde, 0.1% crystal violet (Amresco, Solon,
OH, USA) was applied for staining cells for 15min. The observation of cell
migration was captured by an inverted microscope system (Olympus,
Tokyo, Japan). Three visual fields were randomly selected.

Transwell invasion assay
After the addition of serum-free DMEM culture medium as described in
the transwell migration assay above, transwell inserts (Corning Incorpo-
rated, Corning NY, USA) were coated with 100 μL of Matrigel (BD
Biosciences, Franklin Lakes, NJ, USA) and placed in an incubator overnight
at 37 °C. Then, 200 μL of cell suspension was added into the upper
chamber, whereas culture medium (700 μL) including 10% FBS was added
into the bottom chamber, and incubated for 24 or 48 h at 37 °C. After
fixation with 4% paraformaldehyde, 0.1% crystal violet (Amresco, Solon,
OH, USA) was used to stain the cells that invaded the bottom chamber.
Finally, the invaded cells were visualised and calculated using the
inverted microscope system (Olympus, Tokyo, Japan). Three visual fields
were randomly selected.

Animal model of metastasis and in vivo imaging system
A549 cells were cultured in RMPI1640 containing 10% FBS under 37 °C and
suspended in a serum-free medium during their logarithmic growth phase.
Eight mice were randomly divided into two groups, four mice per group.
About 100 μL of suspended cells (1 × 107/mL) was administered into the
BALB/c nude mice by tail vein injection. After 4 weeks, the mice were
administrated with luciferin substrate (Promega, Madison, WI, USA) via
intraperitoneal injection and the region of the lung was quantified with
small animal imaging system (IVIS, Caliper, Newton, MA, USA).
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Statistical analysis
Fisher’s exact test was used to identify the copy regions that had
significantly different CNA frequencies between the two groups.
Student’s t test was performed to extract significantly differentially
expressed (DE) genes between two groups. Spearman’s rank correlation
was used to estimate the correlation between the CNA regions and the

gene expressions. The cluster Profiler package in R software [31] was
used to perform functional enrichment analysis of interesting genes
based on the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database, and illustrated by Cluster Profiler and ggplot2 package in R
(Wickham H: ggplot2: Elegant Graphics for Data Analysis. Springer-
Verlag, https://doi.org/10.1080/15366367.2019.1565254).
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The overall survival (OS) was defined as the time from surgery to death
or the final documented date (censored). The survival curve was estimated
using the Kaplan–Meier method and compared using the log-rank test [32]
The univariate Cox proportional-hazards regression model was used to
evaluate the association of the gene expressions with OS. Hazard ratios
(HRs) and 95% confidence intervals (CIs) were generated using the Cox
proportional-hazards model.
Statistical comparisons between groups were analysed by ANOVA for

data from cells and mice to evaluate the significance. The P values were
adjusted using the Benjamini–Hochberg procedure for multiple testing to
control the false discovery rate (FDR) [33]. All statistical analyses for
bioinformatics were performed using R 3.6.1 (http://www.r-project.org/).
Data from cells and mice were statistically analysed with SPSS version 21.0.
These data were presented as mean ± SD obtained from three indepen-
dent experiments. The significance was defined as P < 0.05 or FDR < 0.05
for multiple testing.

RESULTS
SEC61G is an oncogene for LUAD metastasis
Our previous report had shown that the reclassification of metastasis
states of LUAD patients with the aid of 7/9-GPS could capture more
metastasis-related genomic alterations by reducing the influence of
samples with occult metastases. In this study, we first applied 7/9-
GPS to the gene expression profiles of LUAD derived from The
Cancer Genome Atlas (TCGA) database to reclassify the metastasis
status of patients, and identified 23 genomic regions that had
significantly different frequencies of copy-number aberrations
(CNAs) between the redefined metastasis and redefined non-
metastasis groups (Fisher’s exact test, FDR < 0.05, Fig. 1a). Notably,
all 23 genomic alterations had significantly higher frequencies of
CNAs in the reclassified metastasis group than in the reclassified
non-metastasis group, which were defined as metastasis-related
CNAs. Spearman’s rank correlation analysis showed that 158 genes
located in 17 metastasis-related CNAs regions were positively
correlated with their own CNAs (Spearman’s rank correlation,
FDR < 0.05, Fig. 1a). Then, using Student’s t test with 5% FDR
control, we found 8358 differentially expressed (DE) genes between
the reclassified metastases and non-metastases group (Fig. 1b).
Spearman’s rank correlation was used to estimate the correlation
between themetastasis-related CNAs regions andmetastasis-related
DE genes. Finally, we constructed a regulator network by linking the
17 metastasis-related CNVs regions, comprising 46 amplified genes
and 112 deleted genes, with 643 metastasis-related DE genes
(Fig. 1c). As shown in Fig. 1c, three metastasis-related CNV regions
(3q26.2, 7p11.2 and 7p21.1) appeared to regulate the most
metastasis-related DE genes in the network. The other metastasis-
related CNV regions could also regulate the metastasis-related DE
genes.
Furthermore, we performed survival analyses for 158 genes in

the 17 metastasis-related CNV regions and found that the
overexpression of two genes (SEC61G located on 7p11.2 and
SHISA5 located on 3p14.2) was significantly associated with poor
patient OS by the log-rank test and univariate Cox analysis
(SEC61G: log-rank P < 0.05, cox P < 0.05, HR= 1.52, 95% CI:

1.05–2.20, Fig. 1d; SHISA5: log-rank P < 0.05, cox P < 0.05, HR=
1.76, 95% CI: 1.05–2.95, Fig. 1e). The results of survival analyses for
all 158 genes are displayed in Supplementary Table S1. Notably,
SEC61G located on 7p11.2 region, could regulate 106 metastasis-
related DE genes in the network, and these genes were
significantly enriched in “Mismatch repair”, “DNA replication”,
“Nucleotide excision repair” and “Shigellosis” signalling pathways
(hypergeometric distribution model, FDR < 0.05, Fig. 1f). The
above results suggested that the overexpressed SEC61G, caused
by its amplification, might drive the metastasis of LUAD patients.
The prognostic performance of SEC61G mRNA transcription was
validated in GSE68465 (log-rank P < 0.05, cox P < 0.05, HR= 1.65,
95% CI= 1.29–2.11, Fig. 2a) and GSE31210 (log-rank P < 0.05,
cox <0.05, HR= 1.66, 95% CI= 1.07–2.57, Fig. 2b). Importantly,
the mRNA of SEC61G was significantly differentially expressed
between the two metastasis groups reclassified by 7/9-GPS in the
GSE50081 dataset (Student’s t test, P < 0.01, Fig. 2c).

Sec61γ was correlated with the progression, metastasis and
prognosis of lung cancer with clinical samples
To further confirm the relationship between Sec61γ protein
expression and LUAD, LUAD tissues (n= 102) were collected from
the clinic. They were separated into two groups (i.e., high expression
group and low expression group) (Fig. 2d), according to Sec61γ level
detected by immunohistochemical (IHC) staining. Afterwards, an
analysis of the pathological characteristics and survival analysis
were carried out. The results showed that in high-Sec61γ group the
proportion of cases at Stages II and III and primary tumor size (T3/T4)
was significantly increased in the high-Sec61γ group (P < 0.05)
(Table 2). Meanwhile, in high-Sec61γ group the proportion of
moderately poorly differentiated samples was obviously decreased
in the high-Sec61γ group (P < 0.01) (Table 2). The survival analyses
showed that the patients in the high-Sec61γ group had significantly
shorter OS than those in the low-Sec61γ group (P < 0.05, Fig. 2e).

Sec61γ promoted lung cancer cells proliferation
To confirm suitable lung cancer cell lines for exploring the
function and mechanism of SEC61G, the original expression of
SEC61G mRNA level in 10 cell lines (H460, H661, HCC827, H1299,
H1650, H1915, H2170, A549, PC9 and PC14) were detected by qRT-
PCR method (Fig. 3a, b). We ultimately selected the A549 cell line
with high level of SEC61G transcription background and H1650 cell
line with low level of SEC61G transcription background for the
follow-up experiments. To confirm the specificity of Sec61γ
antibody, a SEC61G overexpression (OE) vector and its negative
control (NC) vector (empty vector) were constructed. The
immunofluorescent (IF) staining of Sec61γ was performed in
H1650 cells, which were transfected with SEC61G OE vector and
NC vector, respectively. We observed visible higher fluorescence
intensity in the SEC61G overexpression (OE) group than in the
negative control (NC) group (Fig. 3c). To observe the impact of
Sec61γ on the proliferation, migration and invasion of lung cancer
cells, the SEC61G overexpression vector was constructed to

Fig. 1 Identification of oncogenes for LUAD metastasis in TCGA data. a Circos diagram of metastasis-related CNA regions. The first ring
(outermost) shows the genomic regions of 23 potential metastasis-related CNAs (red vertical bar), whose alterations had significantly higher
frequencies in the reclassified metastasis group than in the reclassified non-metastasis group with the aid of 7/9-GPS. Here, some of the genes,
whose expression levels were significantly related with their own CNAs, are demonstrated. The second and third rings show histograms of the
frequencies of metastasis-related CNAs in the reclassified metastasis group and the non-metastasis group, respectively. The center of the
Circos plot shows the relationship between these CNAs and mRNA levels of 643 metastasis-related DE genes, whose expressions were
significantly different between the reclassified metastasis and non-metastasis groups. b Volcano plot of metastasis-related DE genes.
c Regulatory network of metastasis-related CNAs. The regulatory network includes 17 potential metastasis-related CNAs, consisting of 46
amplified genes and 112 deleted genes, linked with 643 metastasis-related DE genes. Three metastasis-related CNAs, 3q26.2, 7p11.2 and
7p21.1, regulate the most metastasis-related DE genes. d, e Kaplan–Meier curves of OS for patients according to the mRNA level of SEC61G (d)
and SHISA5 (e). HR and 95% CI were generated using univariate Cox regression models. f Functional pathways enriched with the metastasis-
related DE genes regulated by SEC61G in the network. The enrichment analysis was performed by cluster Profiler package in R software based
on the KEGG database.
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increase SEC61γ levels in H1650 cells, and two candidate siRNAs
were constructed to decrease Sec61γ levels in A549 cells, NC
siRNA was constructed as a negative control. The mRNA and
protein expressions of Sec61γ presented a significant increase in
the overexpression (OE) group in H1650 cells (P < 0.05) (Fig. 3d, f).
Compared with the negative control (NC) group, the mRNA and
protein expressions of Sec61γ were considerably decreased in
siRNA-1 and siRNA-2 groups in A549 cells (P < 0.05) (Fig. 3e, g),
then siRNA-1 was utilised for subsequent functional research. CCK-
8 assay was applied to explore the effect of Sec61γ on
proliferation. The results showed that the OD450 of the over-
expression group was remarkably increased, compared with the
NC group in H1650 cells (P < 0.01) (Fig. 3h). In Sec61γ knockdown
A549 cells, we observed significantly lower OD450 from the 1st day
(P < 0.01) (Fig. 3I). To investigate the impact of Sec61γ on lung cells
colony-forming ability, colony-formation assay was performed. We
observed the upregulation of colony-forming ability in the Sec61γ
overexpression group in H1650 cells (P < 0.01) (Fig. 3j, l) and the
downregulation of colony-forming ability in the Sec61γ knock-
down group in A549 cells (P < 0.01) (Fig. 3k, m).

Sec61γ enhanced the migration and invasion of lung cancer
cells
To explore the impact of Sec61γ on lung cancer migration,
wound-healing assay was performed. The data presented that the

wound-healing rate of the Sec61γ overexpression group was
remarkably higher than that of the NC group (P < 0.01) at 48 h in
H1650 cells (Fig. 4a, c). In A549 cells, the wound-healing rate was
lower in the Sec61γ knockdown group compared with the NC
group at 24 h (P < 0.01) (Fig. 4b, d). The results showed that Sec61γ
enhanced the metastasis of lung cancer cells. Consistently,
the transwell assay manifested that the overexpression and
suppression of Sec61γ could enhance and inhibit the migration,
respectively (P < 0.01) (Fig. 4e–h).
To explore the impact of Sec61γ on invasion, a transwell

invasion assay was performed to assess the ability to penetrate
the matrix glue. The statistics demonstrated that the number of
cells penetrating matrix glue was significantly increased in the
overexpression group of H1650 cells (P < 0.01) (Fig. 4i, k) and
decreased in the knockdown group of A549 cells (P < 0.01)
(Fig. 4j, l), compared with the corresponding NC group. These
results indicated that Sec61γ could enhance the invasiveness of
lung cancer cells.

Effect of Sec61γ on the metastasis of cancer cells in mice
To further confirm the impact of Sec61G on metastasis in vivo, Lv-
shSEC61G was constructed to interfere Sec61γ expression in A549
cells. qRT-PCR verified that SEC61G was downregulated by Lv-
shSEC61G (P < 0.01) (Fig. 5a), suggesting that SEC61G knockdown
was successfully achieved in A549 cells. Then these A549 cells
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were injected into mice via the tail vein. Data presented that the
bioluminescence intensity was lower in Lv-shSEC61G mice than in
Lv-scramble mice detected by in vivo imaging system (P < 0.01)
(Fig. 5b, c), suggesting the inhibition effect on lung metastasis via
Sec61γ knockdown.

Sec61γ regulated the EGFR signalling pathway in lung cancer
cells
A previous study reported a novel SEC61G-EGFR fusion gene in
paediatric ependymomas [20], indicating that Sec61γ might
participate in the EGFR pathway. Therefore, we further explored
the association of SEC61G and EGFR mRNA transcription in TCGA,
and found a significant association between the two genes (Pearson
correlation, r= 0.24, P < 0.01, Fig. 6a), suggesting that Sec61G might
promote LUAD metastases by regulating the EGFR signalling
pathway. Therefore, we detected the protein expressions of p-
EGFR/EGFR, p-AKT/AKT, p-PI3K/PI3K and p-STAT3/STAT3 in A549
cells. After Sec61γwas knockdown (KD) by Lv-shSEC61G, the levels of
p-EGFR, p-AKT, p-PI3K and p-STAT3 were evidently decreased
(P < 0.05) (Fig. 6b). Furthermore, EGF was added into A549 cells.
We found that in EGF (+ ) cells, the phosphorylated and non-
phosphorylated protein levels of AKT, PI3K and STAT3 in the KD
group and NC group were remarkably elevated compared with the
corresponding groups of EGF (−) cells (P < 0.05) (Fig. 6b). Meanwhile,
the expressions of the above factors in the KD group were noticeably
lower than those in the NC group, both in EGF (+ ) cells and EGF (–)
cells (P < 0.05) (Fig. 6b). On the contrary, Sec61γ overexpression
could active EGFR signalling pathway in H1650 cells (Fig. 6c).
However, EGFR inhibitor gefitinib could significantly inhibit Sec61γ
function. The levels of p-EGFR, p-AKT, p-PI3K and p-STAT3 were
significantly decreased even though high level of Sec61γ still existed
(Fig. 6d). These data suggested that Sec61γ might modulate the
development of lung cancer through the EGFR signalling pathway.

DISCUSSION
Lung cancer is the leading factor in cancer-related deaths in terms
of morbidity and mortality worldwide, and the most common
histopathological subtype is adenocarcinoma [34]. Tumor metas-
tasis is closely related to poor prognosis in LUAD [35], highlighting
that there is an urgent necessity to investigate effective strategies
for these cancer patients. Consequently, recognition of novel
biomarkers is particularly meaningful for the early detection and
targeted molecular therapies of lung cancer [3, 36]. In this research,
we identified and verified that Sec61γ expression level was
correlated with the metastasis and prognosis of LUAD in public
data and clinical samples. The overexpression of Sec61γ protein was
demonstrated to enhance cell proliferation, clone formation,
metastasis and invasion. Moreover, Sec61γ regulated EGFR and its
downstream pathways through a non-competitive manner
with EGF. As far as we know, prior to this study, the function of
Sec61γ in tumorigenesis and metastasis remained largely unin-
vestigated, especially in lung cancer. Our findings imply a
considerable therapeutic value of targeting Sec61γ in fighting
cancer progression.
The Sec61 complex, located in the ER membrane, plays an

important function in the transport of precursor polypeptides [37].
Recent studies have reported that Sec61 channel also serves as a
passive calcium leak channel of ER [38], revealing an additional
function of Secs in intracellular signalling transmission. The Sec61
complex is composed of three subunits, Sec61α, β and γ, which
together form a channel [39–41]. Sec61α forms the actual channel,
while Sec61β and Sec61γ are attached the channel on the
periphery, and connected to the lipid bilayer [42]. The relationship
between Sec61α, Sec61β and cancer is rarely reported. Sec61α has
been indicated to facilitate cell proliferation, migration and
stemness in hepatocellular carcinoma [43]. Sec61β is involved in
the dislocation of EGFR and hepatocyte growth factor receptor (c-

Table 2. Correlation between Sec61γ expression level and clinicopathological characteristics in LUAD.

Clinical characteristics Total number Sec61γ-high cases Sec61γ-low cases P value

Age (years) 0.544

<60 60 42 18

≥60 42 27 15

Sex 0.618

Female 50 35 15

Male 52 34 18

Smoking status 0.960

Smoker 46 31 15

Non-smoker 56 38 18

Tumor stage 0.034*

I 39 21 18

II 47 34 13

III 16 14 2

Primary tumor size 0.049*

T1 39 21 18

T2 50 37 13

T3-4 13 11 2

Lymph node status 0.058

Negative 42 24 18

Positive 60 45 15

Differentiation 0.001**

Well-differentiated 25 10 15

Moderately poorly 77 59 18

Note: Sec61γ-high vs Sec61γ-low: *P < 0.05; **P < 0.01.
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MET) [44, 45], implying that Sec61β has the potential to regulate
cell proliferation. Sec61γ, which is known as Sec61 translocon
subunit-γ, is the main member of the Sec61 complex [39, 40].
Currently, along with its high frequency of gene amplification,

Sec61γ is significantly upregulated in a majority of glioblastoma
multiforme cases, and knockdown Sec61γ expression leads to
growth suppression and apoptosis in tumor cells [17]. Additionally,
Sec62 and Sec63 have been found to be potential markers of
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gastric, prostate, colorectal cancers and hepatocellular carcinoma
[38, 46, 47]. Sec62 overproduction is significantly correlated with
poor patient survival in lung cancer [18]. However, the function of
Sec61γ in cancer remains to be elucidated. Our results demon-
strated that Sec61γ expression was associated with tumor stage,
primary tumor size, and differentiation degree in LUAD patients. In
the survival analysis, the disease-free survival and OS in the high-
Sec61γ group were lower in LUAD patients. To our knowledge, this
study is the first to document the relationship between Sec61γ
and lung cancer, emphasising a critical role of Sec61γ in
metastasis and prognosis of LUAD in the clinic.
Numerous studies have shown that inhibiting the proliferation,

metastasis and invasion of lung cancer contributes to improved
prognosis [48, 49]. We found that H1650 cells with Sec61γ
overexpression exhibited a promotion effect on proliferation,
colony formation, migration and invasion in cells, whereas A549

cells with Sec61γ knockdown presented decreased malignant
degree. Consistent with the in vitro observation, mouse xenograft
models exhibited that tumor formation was significantly sup-
pressed in the lung when A549 cells with Sec61γ knockdown were
intravenously delivered into mice. Our results revealed that Sec61γ
modulated the proliferation, migration, and invasion of lung
cancer. We basically confirmed the oncogenic effects of Sec61γ on
the growth and development of lung cancer. A previous study has
validated that Sec62 is overproduced in different tumors, most
considerably in the prostate, lung and thyroid tumors, whereas
cell migration and invasion potential are prevented or at least
significantly decreased after Sec62 silencing [50]. Sec62 expression
was upregulated in gastric cancer cells, and Sec62 depletion
prevented the proliferation and promoted the apoptosis of these
cancer cells [16]. Lung and thyroid cancer cells exhibit noticeable
migration inhibition in Sec62-depleted cells and migration
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promotion in Sec62-overexpressing cells [19]. Low expression of
Sec63 in hepatocellular carcinoma was significantly correlated
with an increased proliferative activity and decreased apoptosis
[51]. Consistent with previous studies regarding the oncogenic
roles of Sec62 and Sec63, we proposed that Sec61γ exerts tumor-
promotion functions in lung cancer. In our study, high-Sec61γ
expression indicates the enhanced malignant degree of lung
cancer, implying that targeting Sec61γ may be an innovative
prospect for developing new anticancer reagents to fight
metastatic cancers.
EGFR is a receptor for the proliferation and signalling of

epithelial growth factor (EGF) cells, also known as HER1 or ErbB1,
and its mutation or overexpression is generally associated with
tumor occurrence [52]. EGFR has become a vital therapeutic
target for NSCLC treatment, and inhibitors targeting the EGFR
kinase domain have been established and are widely being used
in the clinic [53]. Tyrosine kinase inhibitors (TKIs) represent a
crucial pillar in the treatment of lung cancer, which directs at
sensitising mutations of the EGFR gene [54]. Two EGFR mutants
(ΔN566 and ΔN599) were recognised as products of intrachro-
mosomal rearrangements, fusing the 3’ coding portion of the
EGFR gene to the 5’-UTR of the SEC61G, and SEC61G-EGFR
chimeric mRNAs was recognised in one infratentorial ependy-
moma WHO III [20], indicating that SEC61G might regulate
downstream signalling pathways by acting as an independent
gene or SEC61G-EGFR fusion gene. In this research, we observed
that Sec61γ could activate EGFR pathway and upregulate the
expression of p-AKT/AKT, p-PI3K/PI3K and STAT3. Moreover, the
simultaneous upregulation of Sec61γ and EGF obviously
stimulated EGFR and its downstream factors. At the time of

diagnosis and follow-up after curative resection, a considerable
association was found between EGFR mutation and brain
metastases risk in pulmonary adenocarcinoma [55], indicating
the distinct clinical features of EGFR-mutated tumors in terms of
brain metastases. In other words, our discoveries demonstrate
the importance of the interaction between Sec61γ and
tumorigenesis and metastasis of lung cancer, showing that
Sec61γ exerts oncogenic function in lung cancer cells at least
partly through the EGFR pathway. Sec61γ may also cooperate
with EGF to regulate the progression of lung cancer; however,
the accurate regulatory mechanism between Sec61γ and EGFR
pathway remains to be further studied. In addition, we estimated
the correlation of mRNA level of SEC61G with some important
molecular characteristics (Supplementary Material 1). SEC61G
expression was significantly positively correlated with hypoxia [56]
and stemness scores [57], but significantly negatively correlated with
immune scores [58] (Pearson correlation, P < 0.0001). Previous
studies have reported that SEC61G could promote metastasis via
modulating glycolysis and epithelial–mesenchymal transition in
breast cancer [59], and SEC61G was associated with resistance to
apoptosis in kidney cancer [60]. Therefore, the association of Sec61γ
activity with other signalling pathways in LUAD merits further
exploration.
In summary, our results strongly indicate a key role of

Sec61γ in the progression, metastasis and prognosis of LUAD,
as verified by data from bioinformatics and clinical samples.
In vivo and in vitro, Sec61γ apparently promotes the prolifera-
tion, metastasis and invasion of lung cancer, which may
modulate the development of lung cancer through the EGFR
signalling pathway. The present study provides crucial insight
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into understanding the functions of Sec61γ in lung cancer and
suggests that targeting Sec61γ may be a novel therapeutic
approach for lung cancer treatment.
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