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Abstract. Increasing evidence has indicated the roles of 
sirtuin 7 (SIRT7) in numerous human cancers. However, the 
effects and the clinical significance of SIRT7 in human lung 
cancer is largely unknown. The present research demonstrated 
that SIRT7 was increased in human lung cancer tumor tissues. 
SIRT7 upregulation was associated with clinicopathological 
characteristics of lung cancer malignancy including positive 
lymph node metastasis, high pathologic stage and large tumor 
size. SIRT7 was also upregulated in human non‑small cell lung 
cancer (NSCLC) cell lines. Furthermore SIRT7‑overexpressed 
A549 (A549‑SIRT7) and SIRT7‑knocked down H292 
(H292‑shSIRT7) human NSCLC cell lines were established. 
Using these NSCLC cells and xenograft mouse models, it 
was revealed that SIRT7 overexpression markedly promoted 
growth and G1 to S cell cycle phase transition as well as migra-
tion, invasion and distant lung metastasis in A549 NSCLC 
cells, whereas SIRT7 knockdown suppressed these processes 
in H292 NSCLC cells. Mechanistically, in A549 NSCLC cells, 
SIRT7 overexpression significantly activated not only protein 
kinase B (AKT) signaling but also extracellular signal‑regulated 
kinase 1/2 (ERK1/2) signaling. SIRT7 overexpression also 
significantly downregulated cyclin‑dependent kinase (CDK) 
inhibitors including p21 and p27 as well as upregulated cyclins 
including cyclin D1 and cyclin E1, and CDKs including CDK2 
and CDK4. Notably, the epithelial‑mesenchymal transition 

(EMT) process of A549 NSCLC cells was facilitated by SIRT7 
overexpression, as evidenced by E‑cadherin epithelial marker 
downregulation and mesenchymal markers (N‑cadherin, 
vimentin, Snail and Slug) upregulation. In addition, SIRT7 
knockdown in H292 NSCLC cells exhibited the opposite 
regulatory effects. Moreover, inhibition of AKT signaling 
abated the promoting effects of SIRT7 in NSCLC cell prolif-
eration and EMT progression. The present data indicated that 
SIRT7 accelerated human NSCLC cell growth and metastasis 
possibly by promotion of G1 to S‑phase transition and EMT 
through modulation of the expression of G1‑phase checkpoint 
molecules and EMT markers as well as activation of AKT and 
ERK1/2 signaling. SIRT7 could be an innovative potential 
target for human NSCLC therapy.

Introduction

The number of deaths from lung cancer has been increasing 
exponentially over the recent years worldwide  (1). This 
malignant tumor is mainly caused by environmental pollu-
tion and smoking (2). Up to 85% of all lung cancer cases are 
of the NSCLC subtype, which is furthermore classified into 
adenocarcinoma, squamous‑cell carcinoma and large‑cell 
carcinoma (3). Therapeutic techniques for NSCLC include 
surgery, targeted therapy, chemotherapy, radiotherapy, 
immunotherapy, or their combination (2). In spite of recent 
developments in diagnostic and therapeutic approaches of 
NSCLC, the prognosis of NSCLC patients is still unsatisfac-
tory  (3,4). Therefore, identifying the potential molecular 
targets and defining the underlying molecular mechanisms 
involved in NSCLC progression and metastasis are key to 
discovering the effective targets to improve its prognosis.

Sirtuins consisting of sirtuin 1‑7 (SIRT1‑7) members 
belong to the NAD+‑dependent histone/protein deacetylase 
family (5,6). Sirtuins bear a highly conserved NAD+‑binding 
and catalytic core domain but display diverse deacetylation 
and ADP‑ribosylation enzymatic activities, substrate proteins 
and cellular localizations and functions  (5‑7). Sirtuins 
have been previously reported to participate in a number of 
cellular processes including senescence, metabolism, prolif-
eration, differentiation, apoptosis, DNA repair, genomic 
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stability, chromatin remodeling, gene transcription and 
post‑translational modification  (5,6,8). Of all the sirtuins, 
SIRT7 is a newly discovered member. SIRT7 can promote 
ribosome biogenesis via inducing synthesis of ribosomal RNA 
and transfer RNA (9‑11). Notably, SIRT7 is a highly selec-
tive acetylated histone H3 lysine 18 (H3K18Ac) deacetylase 
and SIRT7‑mediated deacetylation of H3K18Ac maintains 
oncogenic transformation by transcriptionally suppressing 
expression of tumor suppressor genes  (12). Accumulating 
evidence (13‑22) has demonstrated that SIRT7 is upregulated 
and functions as an oncogene in most cancers including breast, 
thyroid, colorectal and gastric cancer, hepatocellular carci-
noma, cholangiocarcinoma, prostate cancer, bladder cancer 
and angiosarcoma. Furthermore, high expression of SIRT7 has 
been revealed to contribute to tumor cell resistance to chemo-
therapy and radiotherapy (20,23,24). Conversely, SIRT7 has 
been demonstrated to be downregulated in the oral, neck and 
head squamous cell carcinoma and pancreatic cancer (25‑27). 
SIRT7 can attenuate tumor cell EMT and metastasis through 
deacetylating mothers against decapentaplegic homolog 
4 (SMAD4) to antagonize transforming growth factor‑β 
(TGF‑β) signaling (27,28). These studies indicate that SIRT7 
exerts tumor‑promoting or tumor‑suppressive properties.

Several studies have revealed that SIRT7 plays key roles in 
human lung cancer (29,30). SIRT7 was revealed to be upregu-
lated in human NSCLC cells and its depletion could inhibit 
NSCLC cell growth by activating the pro‑apoptotic signaling 
pathway (29). miR‑3666 suppressed NSCLC cell growth by 
targeting SIRT7 (29). SIRT7 depletion could further sensitize 
NSCLC cells to gemcitabine chemotherapy via inhibiting 
autophagy (30). However, the effects and the clinical roles 
of SIRT7 in lung cancer are less understood. The present 
study detected the expression of SIRT7 in clinical tissues 
of human lung cancer and NSCLC cells, and analyzed the 
clinical association between SIRT7 expression of lung cancer 
tissues and its clinicopathological characteristics. The roles of 
SIRT7 overexpression or knockdown in growth and metastasis 
of NSCLC cells were determined and the related molecular 
mechanism was elucidated.

Materials and methods

Cellular and molecular biological reagents. Dulbecco's 
modified Eagle's medium (DMEM) was supplied by HyClone; 
GE Healthcare Life Sciences. Fetal bovine serum (FBS) and 
puromycin were supplied by Gibco; Thermo Fisher Scientific, 
Inc. Penicillin‑streptomycin antibiotics, the NheI and SgsI 
restriction enzymes and the reverse transcription kit were 
supplied by Thermo Fisher Scientific, Inc. Taq DNA poly-
merase, dNTPmix, T4 DNA ligase and the RNA extraction 
kit were supplied by TaKaRa Biotechnology Co., Ltd. SYBR 
Green Master was supplied from Roche Applied Science. 
Lipofectamine 2000 was supplied by Invitrogen; Thermo 
Fisher Scientific, Inc. Blasticidin S was supplied by Yeasen 
Biotechnology Co., Ltd. Cell Counting Kit‑8 (CCK‑8) was 
supplied by Beijing Solarbio Science & Technology Co., Ltd. 
Propidium iodide (PI)/RNase Staining Buffer Solution was 
supplied by BD Biosciences. The bicinchoninic acid protein 
assay kit, the mammalian cell lysis buffer for western blot-
ting and the SuperEnhanced chemiluminescence detection 

(BeyoECL Star) kit were supplied by Beyotime Institute of 
Biotechnology. The diaminobenzidine substrate was supplied 
by Boster Biological Technology. The primers were supplied 
by Sangon Biotech Co., Ltd.

Ant ibodies.  Pr imary ant ibody rabbit  ant i‑SIRT7 
(cat.  no.  12994‑1‑AP) was supplied by ProteinTech 
Group, Inc. Rabbit ant i‑AKT (cat.   no.  AF6261), 
anti‑ERK1/2 (cat. no. AF0155), anti‑p‑AKT (Thr308) (T308) 
(cat. no. AF3262), anti‑p‑AKT (Ser473) (S473) (cat. no. AF0016) 
and anti‑p‑ERK1/2 (Thr202/Tyr204) (cat.  no.  AF1015) 
primary antibodies were supplied by Affinity Biosciences. 
Primary antibodies including rabbit anti‑β‑actin (cat. no. YM3214), 
anti‑p21 (cat.  no.  YT3497), anti‑p27 (cat.  no.  YT3502), 
anti‑cyclin D1 (cat. no. YT1173), anti‑cyclin E1 (cat. no. YT1176), 
anti‑CDK2 (cat. no. YT0832) and anti‑CDK4 (cat. no. YT5198) 
were supplied by ImmunoWay Biotechnology Company. 
Primary antibodies including rabbit anti‑E‑cadherin (product 
no. 3195), anti‑N‑cadherin (product no. 13116), anti‑Vimentin 
(product no. 5741), anti‑Snail (Snail1) (product no. 3879) and 
anti‑Slug (Snail2) (product no. 9585) for western blotting 
were supplied by Cell Signaling Technology, Inc. Primary 
antibody rabbit anti‑Snail (cat. no. 101167‑T10) for immuno-
histochemistry was supplied by Sino Biological, Inc. Primary 
antibody rabbit anti‑Slug (cat. no. GTX128796) for immu-
nohistochemistry was supplied by GeneTex, Inc. Secondary 
antibody horseradish peroxidase (HRP)‑conjugated anti‑rabbit 
IgG (product no.  7074 for western blotting and product 
no. BM3894 for immunohistochemistry) was supplied by Cell 
Signaling Technology, Inc. and Boster Biological Technology, 
respectively.

Plasmid and lentiviral vectors. The pGEM/SIRT7 cloning 
plasmid carrying human SIRT7 coding sequence (CDS) 
(BC017305) was supplied by Sino Biological, Inc. Plasmids 
including pLenti6.3/IRES/GFP lentiviral plasmid‑expressing 
blasticidin S deaminase and green fluorescent protein (GFP) as 
well as pLP1, pLP2 and VSVG lentiviral packing plasmids were 
supplied by Novobio Scientific, Inc. Lentiviruses including 
control shRNA lentivirus (LV‑shcontrol) and SIRT7 shRNA 
(h) lentivirus (LV‑shSIRT7) containing puromycin resistance 
gene were supplied by Santa Cruz Biotechnology, Inc.

Cell culture. The human embryonic kidney cell line 293T, 
the normal human bronchial epithelial cell line HBEpiC and 
the human NSCLC cell lines including H292, A549, H1299 
and H1975 were supplied by the Cell Bank of Type Culture 
Collection of the Chinese Academy of Sciences. Cells were 
grown in culture medium (DMEM containing 10% FBS 
and 100 U/ml of penicillin‑streptomycin antibiotics), identi-
fied by short tandem repeat (STR) profiling (Genetic Testing 
Biotechnology) and confirmed to have no mycoplasma 
contamination. 293T cells were cultured for 2 weeks before 
transfected with plasmids for the construction of lentiviral 
vectors, whereas HBEpiC, H292, A549, H1299 and H1975 cells 
were cultured for 1 week for the following RT‑qPCR, western 
blotting and infection experiments. The culture medium 
supplemented with 10 µg/ml of blasticidin S was used to grow 
SIRT7‑overexpressed A549‑SIRT7 and control A549‑mock 
NSCLC cell lines. The culture medium supplemented with 
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2  µg/ml of puromycin was used to grow SIRT7‑silenced 
H292‑shSIRT7 and control H292‑shcontrol NSCLC cell lines. 
After antibiotic selection for about 4 weeks, stable transgenic 
cell lines were established and frozen at once. For in vitro 
assays, the frozen transgenic cells were thawed and cultured 
for 2 weeks to be amplified. The cells were then used for 
RT‑qPCR and western blotting assays as well as in vitro func-
tional assays including CCK‑8, colony formation, cell cycle, 
wound healing and Transwell migration/invasion. The culture 
duration of each in vitro functional assay was subsequently 
specified. For in vivo animal experiments, the transgenic cells 
were thawed and cultured for 3 weeks to be amplified before 
being injected into nude mice. The aforementioned cells were 
cultured in a humidified chamber at 37˚C under 5% CO2 to 
obtain enough cells for each of the following experiments.

Nude mice. Forty‑eight four‑week‑old female athymic BALB/c 
nude mice (average weight, 15 g) were supplied by Shanghai 
Laboratory Animal Center. The mice were maintained in the 
animal facility at Soochow University (Suzhou, China) under 
specific pathogen‑free conditions with a 12‑h light/dark cycle 
at 22±2˚C and 60±5% humidity, provided with free access to 
food and water. All animal experiments were approved by the 
Animal Research Ethics Committee of Soochow University 
(IRB no. A201809059).

Lung cancer tissue specimens. We obtained 102  pairs of 
human lung cancer tumor tissues and adjacent non‑tumor 
lung tissues (collected at a distance of more than 6 cm from 
the tumor site) derived from 102 lung cancer patients (age 
range, 39‑83 years; 52 male and 50 female patients) at the 
Department of Cardio‑Thoracic Surgery of the First Affiliated 
Hospital of Soochow University (Suzhou, China) from January 
2016 to April 2017. The patients had undergone lung cancer 
surgery but had not received any neoadjuvant chemotherapy 
or radiotherapy. The collected tissue samples were fixed in 
10% neutral formalin for 24 h at room temperature, and subse-
quently embedded in paraffin. Two experienced pathologists 
independently performed the pathological staging of tumors. 
The medical history of patients was reviewed to describe their 
clinicopathological features. The present study was conducted 
after approval by the Ethics Committee of the First Affiliated 
Hospital of Soochow University (IRB no. 2016128). Signed 
informed consent was obtained from all the participants.

Tissue microarray (TMA) and section preparation. After 
tissue localization by hematoxylin and eosin (H&E) analysis, 
the aforementioned paired lung cancer tumor tissue and adja-
cent non‑tumor lung tissue specimens fixed with formalin and 
embedded in paraffin were used for preparation of human lung 
cancer TMA with a sample diameter of 1.5 mm (102 cases, 
102 pairs, 204 dots). The TMA was then cut into 3 µm‑thick 
sections for subsequent immunohistochemistry analysis.

Construction and titration of lentiviral vectors. Amplification 
of CDS fragment (1203 bp) of human SIRT7 was performed 
by polymerase chain reaction (PCR) with pGEM/SIRT7 
plasmid template and human full‑length SIRT7 CDS‑specific 
primer pair (SIRT7‑F1: 5'‑CTA​GCT​AGC​GCC​ACC​ATG​
GCA​GCC​GGG​GGT​CTG​AG‑3' and SIRT7‑R1: 5'‑TTG​GCG​

CGC​CTT​ACG​TCA​CTT​TCT​TCC​TTT​TTG​TGC​G‑3'). It was 
then inserted into the lentiviral plasmid pLenti6.3/IRES/GFP 
between NheI and SgsI sites to generate a recombinant lenti-
viral plasmid pLenti6.3/SIRT7/IRES/GFP. The 293T cells 
were seeded in 10‑cm dishes at a density of 2x106 cells/10 ml 
medium/dish and cultured overnight. Subsequently, the 
plasmid pLenti6.3/SIRT7/IRES/GFP or pLenti6.3/IRES/GFP 
was co‑transfected into 293T cells with pLP1, pLP2 and VSVG 
by Lipofectamine 2000. The cells were cultured for another 
48 h at 37˚C. The lentivirus expressing SIRT7 (LV‑SIRT7) 
and the blank lentivirus (LV) were consequently produced and 
concentrated by ultracentrifugation. The lentiviral biological 
titre (TU/ml) was determined based on the sum of GFP‑positive 
293T cells as observed by fluorescence microscopy.

Establishment of stable cell lines. The A549 NSCLC cell line 
was infected with LV‑SIRT7 or LV (control) at a multiplicity of 
infection (MOI) of 50 and selected with blasticidin S (10 µg/ml), 
leading to generation of A549‑SIRT7 (SIRT7‑overexpressed) 
or A549‑mock (control) transgenic cell line. The H292 NSCLC 
cell line was infected with LV‑shSIRT7 or LV‑shcontrol 
(control) (50 MOI) and selected with puromycin (2 µg/ml), 
resulting in formation of H292‑shSIRT7 (SIRT7‑silenced) or 
H292‑shcontrol (control) transgenic cell line. The transgene 
efficiency in A549 NSCLC cells was analyzed using the GFP 
reporter by fluorescence microscopy and flow cytometry. The 
efficiency of SIRT7 overexpression or knockdown in A549 or 
H292 NSCLC cells, respectively, was analyzed by reverse tran-
scription‑quantitative PCR (RT‑qPCR) and western blotting.

RT‑qPCR. The total RNAs of A549, H292, H1299, H1975, 
HBEpiC, A549‑SIRT7, A549‑mock, H292‑shSIRT7 and 
H292‑shcontrol cells were purified by a MiniBEST universal 
RNA extraction kit following the supplier's instructions and 
reversely‑transcribed to first‑strand cDNAs with a RevertAid 
RT Reverse Transcription kit. Subsequently, qPCR analysis 
of human SIRT7 mRNA expression was performed by 
SYBR‑Green Master using human SIRT7‑specific primer 
pair (SIRT7‑F2: 5'‑ACT​TGG​TCG​TCT​ACA​CAG​GC‑3' and 
SIRT7‑R2: 5'‑GGT​GAT​GCT​CAT​GTG​GGT​GA‑3', product 
size: 158 bp) (β‑actin used as an internal control) as previously 
described (31). RT was conducted at 42˚C for 60 min, followed 
by 70˚C for 5 min. qPCR amplification was conducted at 95˚C 
for 300  sec followed by 40 cycles at 95˚C for 10  sec and 
60˚C for 30  sec. SIRT7 mRNA expression level in A549, 
H292, H1299 and H1975 NSCLC cells (HBEpiC used as a 
cell control); SIRT7‑overexpressed A549‑SIRT7 NSCLC 
cells (A549‑mock used as a cell control); and SIRT7‑silenced 
H292‑shSIRT7 NSCLC cells (H292‑shcontrol used as a cell 
control) was standardized to β‑actin expression and computed 
via the 2‑∆∆Cq method (32), respectively.

CCK‑8 assay. In 96‑well plates, the A549‑SIRT7 vs. 
A549‑mock and H292‑shSIRT7 vs. H292‑shcontrol human 
NSCLC cells (1x104 cells/200 µl medium) were seeded per 
well. At the 1st, 2nd, 3rd and 4th day following cell culture, the 
tumor cell vitality was evaluated by CCK‑8 (10 µl/well). Using 
an automatic microplate reader at 450 nm, the optical density 
(OD) was read. The growth curve of tumor cells in vitro was 
plotted as the changes in OD value over culture time.
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Colony formation assay. In 6‑well plates, the A549‑SIRT7 
vs. A549‑mock and H292‑shSIRT7 vs. H292‑shcontrol 
human NSCLC cells (200 cells/2 ml medium) were seeded 
per well. After being incubated for two weeks, the colonies of 
tumor cells were fixed with 4% paraformaldehyde for 15 min 
followed by staining in 0.5% crystal violet for 20 min at room 
temperature. Colonies of >10 cells were counted under a white 
light field using fluorescence microscope IX51 (Olympus 
Corporation; magnification, x200). Analysis of the relative 
clonogenic ability of these tumor cells was then carried out by 
GraphPad Prism 6 software (GraphPad, Inc.).

Cell cycle assay. After being cultured in 6‑well plates, 
the A549‑SIRT7 vs. A549‑mock and H292‑shSIRT7 vs. 
H292‑shcontrol human NSCLC cells (0.5x106  cells) were 
collected and incubated overnight at  4˚C in ice‑cold 70% 
ethanol. The PI/RNase Staining Buffer Solution (500  µl 
per reaction) was then used to stain the cells in the dark for 
30 min. Finally, the cell cycle was detected using CytoFLEX 
flow cytometer (Beckman Coulter, Inc.) and analyzed with 
CXP analysis software 2.2 (Beckman Coulter, Inc.).

Wound healing assay. In 6‑well plates, the A549‑SIRT7 vs. 
A549‑mock and H292‑shSIRT7 vs. H292‑shcontrol human 
NSCLC cells (5x105 cells/5 ml medium) were seeded per well. 
Upon almost 100% confluence of cells, scratches were gener-
ated and reference points were marked on the outer bottom of 
6‑well plates nearby. Cellular debris was removed from the 
wells by rinsing with fresh medium. To maintain cell growth, 
the wells were supplemented with DMEM containing 2% 
FBS. The migration of tumor cells was studied by microscopic 
observation (white light field, fluorescence microscope IX51; 
magnification, x100) at 0, 24 and 48 h after wounding. The 
capability of migration of tumor cells was quantitatively 
analyzed by ImageJ 1.52v software (National Institutes of 
Health).

Transwell migration/invasion assay. In 8  µm‑pore size 
24‑well Transwell filters (EMD Millipore), the A549‑SIRT7 
vs. A549‑mock and H292‑shSIRT7 vs. H292‑shcontrol human 
NSCLC cells with a density of 2x104 or 2x105 cells/100 µl 
serum‑free medium were placed in the upper chamber without 
or with 50  µl Matrigel (1:8 pre‑diluted with serum‑free 
medium) (Corning, Inc.) for Transwell migration or invasion 
assays, respectively. The lower chamber was supplemented 
with culture medium. After 24 h, the tumor cells which had 
migrated or invaded into bottom side were placed in 4% para-
formaldehyde to be fixed for 15 min and 0.5% crystal violet 
for 20 min at room temperature to be stained. Microscopy 
(white light field, fluorescence microscope IX51; magnifica-
tion, x200) was then used to assess the migratory and invasive 
abilities of tumor cells.

Tumor xenograft mouse models. For establishment of a 
tumor subcutaneous xenograft model, the A549‑SIRT7 vs. 
A549‑mock and H292‑shSIRT7 vs. H292‑shcontrol human 
NSCLC cells (2x106 cells per mouse; 6 mice per group) were 
injected subcutaneously into the right flanks of nude mice. 
The growth of tumors was tracked by monitoring the tumor 
volume every week until 4 weeks after inoculation of tumor 

cells and the weight 4 weeks after inoculation of tumor cells. 
Tumor diameter was measured by a Vernier calliper every 
week and the tumor volume was calculated using a formula: 
Volume (mm3)=a2b/2 (a is the shortest diameter, whereas b is 
the longest diameter). Four weeks after subcutaneous injec-
tion, the tumor‑bearing mice were humanely euthanized by 
continuous inhalation with 30% CO2 for 5 min. Death was 
confirmed when mice had no heartbeat for 30 sec accom-
panied by no response to the toe pinch reflex. Subsequently, 
the xenograft tumors were removed and weighed by an 
electronic analytical balance. The xenograft tumor‑derived 
sections (3 µm‑thick) were then prepared and used for subse-
quent immunohistochemical analysis. For establishment of 
a tumor lung metastasis model, the aforementioned tumor 
cells (2x106 cells per mouse; 6 mice per group) were injected 
intravenously into the tail veins of nude mice. Six weeks after 
intravenous injection, the mice were euthanized as aforemen-
tioned to harvest their lung tissues. The lung tissue sections 
(3 µm‑thick) were then prepared and used for H&E analysis of 
lung metastatic nodules.

Western blotting. The protein expression of SIRT7 in A549, 
H292, H1299, H1975 and HBEpiC cells as well as SIRT7, 
p‑AKT (T308/S473)/total AKT, p‑ERK1/2/total ERK1/2, 
p21/27, cyclin D1/E1, CDK2/4, E/N‑cadherin, vimentin, 
Snail and Slug in A549‑SIRT7, A549‑mock, H292‑shSIRT7 
and H292‑shcontrol cells was analyzed by western blot-
ting (β‑actin was used as a loading control) as previously 
reported (31). The primary antibodies and HRP‑conjugated 
anti‑rabbit IgG secondary antibody were diluted at 1:1,000 
and 1:3,000, respectively. Membranes were incubated with the 
primary antibodies overnight at 4˚C overnight and a secondary 
antibody for 1 h at room temperature. Protein signals were 
determined by BeyoECL Star kit, scanned by Gel Imaging 
System and quantified by ImageJ 1.52v software (National 
Institutes of Health).

Immunohistochemistry (IHC). The prepared 3 µm‑thick human 
lung cancer TMA section was subjected to IHC analysis of 
SIRT7 using rabbit anti‑SIRT7 (1:50) primary antibody and 
HRP‑conjugated anti‑rabbit IgG (1:1,000) secondary antibody 
as previously described (31). SIRT7 expression level of each 
specimen was evaluated by a weighted IHC score (0‑1, ‑; 
2‑3, +; 4‑5, ++; and 6‑7, +++) (31). A weighted score of ≥4 (++ 
or +++) was considered as SIRT7 high expression in a tissue 
specimen. In addition, the sections derived from A549‑SIRT7, 
A549‑mock, H292‑shSIRT7 and H292‑shcontrol subcu-
taneous xenograft tumors were subjected to IHC analysis 
of p‑AKT (T308) (1:50), p‑AKT (S473) (1:50), AKT (1:50), 
p‑ERK1/2 (1:50), ERK1/2 (1:100), p21 (1:200), p27 (1:100), 
cyclin D1 (1:100), cyclin E1 (1:100), CDK2 (1:100), CDK4 
(1:100), E‑cadherin (1:200), N‑cadherin (1:125), vimentin 
(1:100), Snail (1:500) and Slug (1:100), respectively. Briefly, 
the xenograft tumor‑derived sections (3 µm‑thick) were fixed 
in 10% neutral formalin for 24 h at room temperature and 
embedded in paraffin. After deparaffinization, rehydration, 
rinse, antigen retrieval, quenching of endogenous peroxidase 
activity with 3% H2O2 and blocking with 5% bovine serum 
albumin (BSA), the sections were incubated with primary 
antibodies at 4˚C overnight and a secondary antibody for 1 h 
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at room temperature. Finally, the sections were stained with 
diaminobenzidine tetrahydrochloride (DAB) for 5 min and 
then counterstained with H&E for 5 min at room tempera-
ture. Following dehydration and mounting, observation was 
performed and images were captured under a white light field 
using fluorescence microscope IX51 (magnification, x100). 
Protein expression was analyzed by ImageJ 1.52v software 
(National Institutes of Health).

AKT inhibition assay. The A549‑SIRT7 human NSCLC cells 
were pre‑treated with an allosteric AKT inhibitor MK‑2206 
(APExBIO) (10 µM) or dimethylsulfoxide (DMSO) without 
MK‑2206 (vehicle control) for 1 h. Then the MK‑2206‑ and 
DMSO‑treated A549‑SIRT7 cells as well as the untreated 
A549‑SIRT7 and A549‑mock cells were subjected to CCK‑8, 

wound healing and Transwell invasion assays. Additionally, 
the aforementioned cells were cultured for another 24 h and 
then subjected to western blot analysis of EMT markers.

Statistical analyses. The data of the IHC scoring of SIRT7 
expression in lung cancer tissues were presented as ‑, +, ++ 
or +++ and a Mann‑Whitney U test was used to assess the 
difference of the rank data. The categorical data of high or low 
expression of SIRT7 in lung cancer tissues were presented as 
the percentage of total cases and a Pearson's χ2 test was used to 
analyze the differences. The measurement data of the in vitro 
cell studies and in vivo animal studies were analyzed by a 
normal distribution test and presented as the mean ± standard 
deviation (SD) when P>0.1. A Student's t‑test was then used for 
comparisons of differences between two independent groups. 

Figure 1. SIRT7 is increased in human lung cancer tissues and cell lines. (A‑C) IHC analysis of SIRT7 in human lung cancer TMA. (A) The representative 
IHC images of Case 5 (tumor tissue IHC score: ‑), Case 37 (tumor tissue IHC score: +), Case 69 (tumor tissue IHC score: ++) and Case 6 (tumor tissue IHC 
score: +++). (B) The number of IHC scoring ‑, +, ++ or +++ cases in 102 paired lung cancer tumor/adjacent non‑tumor tissues. P<0.001, Mann‑Whitney U 
test. (C) The percentage of high/low SIRT7 expression in lung cancer tumor/adjacent non‑tumor tissues. *P<0.05, Pearson's χ2 test. T, tumor tissue; N, adjacent 
non‑tumor tissue. (D) The relative level of SIRT7 mRNA in human NSCLC cells (HBEpiC served as a control) analyzed by RT‑qPCR. (E and F) Analysis 
of SIRT7 protein in NSCLC cells by western blotting. (E) The representative western blot images. (F) The relative level of SIRT7 protein in NSCLC cells 
(HBEpiC served as a control). *P<0.05, one‑way repeated measures ANOVA with LSD post hoc multiple comparisons, n=6 per group. SIRT7, sirtuin 7; IHC, 
immunohistochemistry; TMS, tissue microarray; NSCLC, non‑small cell lung cancer; ANOVA, analysis of variance; LSD, least significant difference.
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After further testing homogeneity of variance (P>0.1 indi-
cated homogeneity of variance), one‑way or two‑way repeated 
measures analysis of variance (ANOVA) with least significant 
difference (LSD) post hoc multiple comparisons were used 
to analyze the differences among groups. All aforementioned 
statistical tests were performed with SPSS17.0 (SPSS, Inc.). 
A two‑sided value of P<0.05 was considered to indicate a 
statistically significant difference.

Results

SIRT7 is increased in human lung cancer tissues and cell 
lines. For determination of the expression level of SIRT7 in 
human lung cancer clinical tissues, SIRT7 expression in human 
lung cancer TMA (102 pairs of lung cancer tumor tissue and 
adjacent non‑tumor tissue specimens) was analyzed by IHC 
(Fig. 1A). Among these lung cancer tumor tissues, high SIRT7 
expression was observed in 71.6% of the cases (73 cases; 
35 cases scored ‘+++’ and 38 cases scored ‘++’) and low SIRT7 
expression was detected in 28.4% of the cases (29  cases; 
18 cases scored ‘+’ and 11 cases scored ‘‑’) (Fig. 1B and C). 
Whereas in the matched adjacent non‑tumor tissues, there 
were only 32.4% of cases (33 cases; 10 cases scored ‘+++’ 
and 23 cases scored ‘++’) exhibiting high SIRT7 expression 
and 67.6% of cases (69 cases; 39 cases scored ‘+’ and 30 cases 
scored ‘‑’) showing low SIRT7 expression (Fig. 1B and C). 

The data demonstrated that SIRT7 was significantly increased 
in the human lung cancer tumor tissues by comparison with 
the adjacent non‑tumor control tissues (P<0.05) (Fig. 1A‑C). 
Subsequently, the level of SIRT7 in human NSCLC cell lines 
including A549, H292, H1299 and H1975 were detected by 
RT‑qPCR (Fig. 1D) and western blot (Fig. 1E and F) analyses, 
revealing that these 4 types of human NSCLC cell lines also 
expressed a significantly higher level of SIRT7 than HBEpiC 
control cell line (P<0.05). These results revealed that SIRT7 is 
elevated in human lung cancer tissues and cell lines.

Upregulation of SIRT7 is correlated with malignant 
clinicopathological features in human lung cancer. Based 
on SIRT7 expression level of lung cancer tumor tissues, 
29 patients with low SIRT7 expression (‘+’ and ‘‑’) in tumor 
tissues were classified as the SIRT7‑low expression group, 
and 73 patients with high SIRT7 expression (‘+++’ and ‘++’) 
in tumor tissues were classified as the SIRT7‑high expres-
sion group. The association between high or low SIRT7 
expression in lung cancer tissues and clinicopathological 
variables including age, sex, histology, differentiation, 
tumor size, pathologic stage and lymph node metastasis was 
then assessed (Table I). The data revealed that the SIRT7 
expression level was positively associated with malignant 
clinicopathological characteristics. A high level of SIRT7 
was associated with large tumor size, high pathologic stage 

Table I. The association of SIRT7 expression with lung cancer clinicopathological features.

	 Total cases	 SIRT7‑low expression	 SIRT7‑high expression	
Variables	 (n=102) (%)	 (n=29; 28.4%)	 (n=73; 71.6%)	 P‑value

Age (years)				    0.433
  ≤65	 52 (51.0)	 13	 39	
  >65	 50 (49.0)	 16	 34	
Sex				    0.925
  Male	 52 (51.0)	 15	 37	
  Female	 50 (49.0)	 14	 36	
Histology				    0.483
  Adenocarcinoma  	 76 (74.5)	 23	 53	
  SCC/Other  	 26 (25.5)	 6	 20	
Differentiation				    0.069
  Well	 8 (7.8)	 5	 3	
  Moderate/Poor	 94 (92.2)	 24	 70	
Tumor size				    <0.001a

  T1	 44 (43.1)	 21	 23	
  T2/T3/T4	 58 (56.9)	 8	 50	
Pathologic stage				    0.036a

  Ⅰ/Ⅱ	 77 (75.5)	 26	 51	
  Ⅲ/Ⅳ	 25 (24.5)	 3	 22	
Lymph node metastasis				    0.012a

  N0	 69 (67.6)	 25	 44	
  N1/N2	 33 (32.4)	 4	 29	

aP<0.05, Pearson's χ2 test. SIRT7, sirtuin 7.
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and presence of lymph node metastasis (P<0.05), indicating 
that increased expression SIRT7 may be involved in the 
progression and metastasis of human lung cancer.

Forced expression or knockdown of SIRT7 in human NSCLC 
cells. To generate a SIRT7‑overexpressed lung cancer 
cell line, LV‑SIRT7 or LV (control) lentivirus infected 
into the A549 NSCLC cell line (relative low expression of 
SIRT7) and stable cell lines were selected by blasticidin S. 
According to the fluorescence microscopic (Fig. 2A) and 
flow cytometric (Fig. 2B) detection, nearly all (more than 
90%) of the LV‑SIRT7‑ or LV‑infected A549 (A549‑SIRT7 
or A549‑mock) NSCLC cells expressed GFP, demon-
strating a high efficiency of transgene expression. The 
lentivirus‑directed SIRT7 overexpression efficiency in A549 
cells was then determined using RT‑qPCR and western blot 
analyses, and it was revealed that both the mRNA (Fig. 2C) 
and protein (Fig. 2D) levels of SIRT7 in A549‑SIRT7 cells 
were increased compared with A549‑mock control cells 
(P<0.05). To establish a SIRT7‑silenced lung cancer cell line, 
the H292 NSCLC cell line (relative high expression of SIRT7) 
was infected with LV‑shSIRT7 or LV‑shcontrol (control) 
lentivirus and selected by puromycin. Results of RT‑qPCR 
(Fig.  2C) and western blotting (Fig.  2D) further demon-
strated that compared with LV‑shcontrol‑infected H292 
(H292‑shcontrol) control cells, LV‑shSIRT7‑infected H292 
(H292‑shSIRT7) cells exhibited a reduction in mRNA and 
protein expression of SIRT7 (P<0.05). These data revealed 
that SIRT7‑overexpressed A549 and SIRT7‑silenced H292 
human NSCLC cell lines were successfully obtained.

SIRT7 promotes human NSCLC cell growth and G1 to S 
phase transition. To address whether SIRT7 influences human 
NSCLC cell growth, a CCK‑8 assay was used to assess the 
proliferation and viability of A549‑SIRT7 vs. A549‑mock 
and H292‑shSIRT7 vs. H292‑shcontrol human NSCLC cells 
in vitro. As revealed in Fig. 3A, overexpression of SIRT7 
significantly promoted A549 NSCLC cell growth in vitro, 
whereas knockdown of SIRT7 suppressed H292 NSCLC cell 
growth in vitro (P<0.05). Moreover, colony formation assay 
(Fig. 3B and C) demonstrated that A549‑SIRT7 NSCLC cells 
formed larger and more colonies than A549‑mock control 
cells, whereas H292‑shSIRT7 NSCLC cells generated smaller 
and less colonies than H292‑shcontrol control cells (P<0.05). 
The results indicated that SIRT7 can enhance clonogenicity 
of human NSCLC cells. To further determine whether SIRT7 
could accelerate growth of human NSCLC cells in vivo, a 
human NSCLC subcutaneous xenograft model was established 
by injecting A549‑SIRT7 vs. A549‑mock or H292‑shSIRT7 
vs. H292‑shcontrol cells into athymic BALB/c nude mice. The 
tumor growth including tumor volume and weight of the afore-
mentioned cells was monitored. The in vivo data (Fig. 3D‑F) 
also demonstrated that overexpression of SIRT7 significantly 
promoted A549 subcutaneous xenograft tumor growth, 
whereas knockdown of SIRT7 significantly inhibited H292 
subcutaneous xenograft tumor growth (P<0.05). To examine 
the cellular mechanism by which SIRT7 promotes NSCLC 
cell growth, a cell cycle assay was performed and A549‑SIRT7 
vs.  A549‑mock and H292‑shSIRT7 vs. H292‑shcontrol 
NSCLC cells were analyzed by flow cytometry. According 
to Fig. 3G and H, in A549 cells, overexpression of SIRT7 

Figure 2. Overexpression/knockdown of SIRT7 in human NSCLC cells. (A) GFP analysis by fluorescence microscopy. (B) GFP analysis by flow cytometry. 
(C) SIRT7 overexpression or knockdown efficiency detected by RT‑qPCR. (D) SIRT7 overexpression or knockdown efficiency detected by western blotting. 
The representative western blot images are presented in the upper panel. The relative level of SIRT7 protein in A549‑SIRT7 (A549‑mock served as a control) 
and H292‑shSIRT7 (H292‑shcontrol served as a control) NSCLC cells are presented in the lower panel. *P<0.05, Student's t‑test, n=6 per group. SIRT7, 
sirtuin 7; NSCLC, non‑small cell lung cancer; GFP, green fluorescent protein; reverse transcription‑quantitative PCR.
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Figure 3. SIRT7 promotes growth and G1 to S‑phase transition of human NSCLC cells. (A) CCK‑8 analysis of NSCLC cell proliferation/growth. *P<0.05, 
two‑way repeated measures ANOVA with LSD post hoc multiple comparisons, n=6 per group. (B and C) Colony formation assay. (B) The representative 
images. (C) The relative clonogenic ability of A549‑SIRT7 (A549‑mock served as a control) and H292‑shSIRT7 (H292‑shcontrol served as a control) NSCLC 
cells. *P<0.05, Student t‑test, n=6 per group. (D‑F) Tumor subcutaneous xenograft mouse model. (D) Tumor volume. *P<0.05, two‑way repeated measures 
ANOVA with LSD post hoc multiple comparisons, n=6 per group. (E) The xenograft tumor images. (F) Tumor weight. *P<0.05, Student's t‑test, n=6 per group. 
(G and H) Cell cycle analysis by flow cytometry. (G) The representative images. (H) The percentage of each cell cycle phase. *P<0.05, Student's t‑test, n=6 per 
group. SIRT7, sirtuin 7; NSCLC, non‑small cell lung cancer; CCK‑8, Cell Counting Kit‑8; ANOVA, analysis of variance; LSD, least significant difference.
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Figure 4. SIRT7 facilitates human NSCLC cell in vitro migration and invasion as well as in vivo distant lung metastasis. (A and B) Wound healing assay. 
(A) The representative images. (B) The relative migratory ability of A549‑SIRT7 (A549‑mock served as a control) and H292‑shSIRT7 (H292‑shcontrol served 
as a control) NSCLC cells. (C and D) Transwell migration assay. (C) The representative images. (D) The relative migratory ability of the aforementioned cells. 
(E and F) Transwell invasion assay. (E) The representative images. (F) The relative invasive ability of the aforementioned cells. (G) The representative H&E 
staining images of lung tissues. (H) The number of tumor metastatic nodules in lung tissues. *P<0.05, Student's t‑test, n=6 per group. SIRT7, sirtuin 7; NSCLC, 
non‑small cell lung cancer; H&E, hematoxylin and eosin.
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Figure 5. SIRT7 activates AKT/ERK1/2 signaling and regulates the expression of G1‑phase checkpoint molecules for G1 to S transition as well as EMT 
molecules for EMT induction in NSCLC cells. (A and B) Western blot analysis of AKT/ERK1/2, G1‑phase checkpoint and EMT molecules. (A) The represen-
tative western blot images. (B) The relative level of p‑AKT (T308)/AKT, p‑AKT (S473)/AKT and p‑ERK1/2/ERK1/2 as well as p21, p27, cyclin D1, cyclin E1, 
CDK2, CDK4, E‑cadherin, N‑cadherin, vimentin, Snail and Slug in A549‑SIRT7 (A549‑mock served as a control) or H292‑shSIRT7 (H292‑shcontrol served 
as a control) NSCLC cells. *P<0.05, Student's t‑test, n=6 per group. (C) IHC analysis of AKT/ERK1/2, G1‑phase checkpoint and EMT molecules in xenograft 
tumor tissues. The representative IHC images are presented. SIRT7, sirtuin 7; EMT, epithelial‑mesenchymal transition; NSCLC, non‑small cell lung cancer; 
AKT, protein kinase; ERK1/2, extracellular signal‑regulated kinase 1/2; CDK, cyclin‑dependent kinase; IHC, immunohistochemistry.
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favored transition of the cell cycle phase from G1 to S and 
accumulation of S phase (P<0.05). In contrast, in H292 cells, 
knockdown of SIRT7 induced G1‑phase arrest and S‑phase 
reduction (P<0.05). Therefore, the aforementioned results 
demonstrated the roles of SIRT7 in promoting human NSCLC 
cell proliferation and growth possibly by facilitating G1 to 
S‑phase transition.

SIRT7 promotes human NSCLC cell migration and invasion 
in vitro as well as distant lung metastasis in vivo. To explore 
the roles of SIRT7 in NSCLC cell metastasis, wound healing 
assay and Transwell migration and invasion assays were respec-
tively carried out to determine the migratory and invasive 
abilities of A549‑SIRT7 vs. A549‑mock and H292‑shSIRT7 
vs. H292‑shcontrol human NSCLC cells. As revealed in 
Fig. 4A‑D, compared with A549‑mock or H292‑shcontrol 
control cells, the migratory capability of A549‑SIRT7 NSCLC 
cells was significantly enhanced and the migratory capability 
of H292‑shSIRT7 NSCLC cells was weakened (P<0.05). 
Additionally, overexpression of SIRT7 in A549 NSCLC 
cells promoted A549 cell invasion, whereas knockdown of 
SIRT7 in H292 NSCLC cells impeded H292 cell invasion 
(P<0.05) (Fig. 4E and F). To further determine whether the 
association of SIRT7 with human NSCLC metastatic ability 
obtained in vitro could be replicated in vivo, the A549‑SIRT7 
vs. A549‑mock or H292‑shSIRT7 vs. H292‑shcontrol cells 
were intravenously injected into nude mice. Six weeks later, 
the lung tissues of mice were harvested for H&E analysis 
of lung metastatic nodules. As revealed in Fig. 4G and H, 
tumor metastatic nodules in the A549‑SIRT7‑injected 
mouse‑derived lungs displayed an increase compared with the 
A549‑mock control model, whereas tumor metastatic nodules 
in the H292‑shSIRT7‑injected mouse‑derived lungs exhibited 
a decrease compared with the H292‑shcontrol control model 
(P<0.05), indicating that SIRT7 significantly strengthens the 
distant metastatic capacity of human NSCLC cells in vivo as 

well. Thus, the results demonstrated that SIRT7 can promote 
the metastatic potential of human NSCLC cells.

SIRT7 activates AKT and ERK1/2 signaling as well as regu‑
lates the expression of G1‑phase checkpoint molecules and 
EMT‑associated molecules in human NSCLC cells. To elucidate 
the molecular mechanism for SIRT7‑induced promoting effects 
on human NSCLC cell growth and metastasis, the protein 
expression levels of AKT/ERK1/2 signaling molecules including 
p‑AKT (T308/S473)/total AKT and p‑ERK1/2/total ERK1/2, 
G1‑phase checkpoint molecules including p21/27, cyclin 
D1/E1 and CDK2/4, and EMT‑associated molecules including 
E/N‑cadherin, vimentin, Snail and Slug in A549‑SIRT7 vs. 
A549‑mock and H292‑shSIRT7 vs. H292‑shcontrol human 
NSCLC cells were determined by western blotting. It was 
revealed that compared with A549‑mock control cells, the 
expression levels of p‑AKT (T308), p‑AKT (S473), p‑ERK1/2, 
cyclin D1, cyclin E1, CDK2, CDK4, N‑cadherin, vimentin, Snail 
and Slug in A549‑SIRT7 cells were significantly higher, while 
the expression levels of p21, p27 and E‑cadherin in A549‑SIRT7 
cells were significantly lower (P<0.05) (Fig. 5A and B). The 
data demonstrated that overexpression of SIRT7 activated AKT 
and ERK1/2 signaling, regulated the expression of G1‑phase 
checkpoint molecules to induce G1 to S‑phase transition, and 
promoted EMT in A549 NSCLC cells. Notably, knockdown of 
SIRT7 in H292 NSCLC cells exerted the opposite effects in regu-
lating the expression of the aforementioned molecules (P<0.05) 
(Fig. 5A and B). The in vivo modulatory influence of SIRT7 on 
the expression of these molecules was further confirmed by IHC 
analysis of A549‑SIRT7 vs. A549‑mock and H292‑shSIRT7 vs. 
H292‑shcontrol NSCLC xenograft tumors (Fig. 5C). To further 
confirm the role of AKT signaling in SIRT7‑mediated effects on 
the biological behavior of NSCLC cells and expression of EMT 
markers, AKT inhibition assays using MK‑2206 in A549‑SIRT7 
human NSCLC cells was carried out. As revealed in Fig. 6A‑C, 
inhibition of AKT signaling impaired the promoting roles of 

Figure 6. SIRT7 promotes NSCLC cell proliferation and EMT progression by activating AKT signaling. (A) CCK‑8 assay after treatment with an AKT inhib-
itor (MK‑2206). *P<0.05 compared with A549‑SIRT7 or A549‑SIRT7+DMSO, two‑way repeated measures ANOVA with LSD post hoc multiple comparisons, 
n=6 per group. (B) Wound healing assay after treatment with the AKT inhibitor (MK‑2206). *P<0.05 compared with A549‑SIRT7 or A549‑SIRT7+DMSO, 
one‑way repeated measures ANOVA with LSD post hoc multiple comparisons, n=6 per group. (C) Transwell invasion assay after treatment with the AKT 
inhibitor. *P<0.05 compared with A549‑SIRT7 or A549‑SIRT7+DMSO, one‑way repeated measures ANOVA with LSD post hoc multiple comparisons, 
n=6 per group. (D) Western blot analysis of EMT markers after treatment with the AKT inhibitor. The representative western blot images are presented. 
SIRT7, sirtuin 7; EMT, epithelial‑mesenchymal transition; NSCLC, non‑small cell lung cancer; EMT, epithelial‑mesenchymal transition; AKT, protein kinase 
B; CCK‑8, Cell Counting Kit‑8; DMSO, dimethylsulfoxide; ANOVA, analysis of variance; LSD, least significant difference.
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SIRT7 in NSCLC cell proliferation, migration and invasion 
(P<0.05). Moreover, AKT inhibition attenuated the regulating 
effects of SIRT7 on the expression of EMT markers such as 
E‑cadherin, N‑cadherin, vimentin, Snail and Slug in NSCLC 
cells (Fig. 6D). The findings indicated that SIRT7 can promote 
human NSCLC cell growth and metastasis probably by activating 
AKT and ERK1/2 signaling as well as regulating the expression 
of G1‑phase checkpoint molecules to promote G1 to S‑phase 
transition and EMT‑associated molecules to facilitate EMT.

Discussion

As the newest member of sirtuin family, SIRT7 plays essential 
roles and exhibits dual functions in tumorigenesis and progres-
sion (13,33). The present study demonstrated that SIRT7 was 
increased in human lung cancer tissues and NSCLC cell lines, 
and there was a positive correlation between SIRT7 expression 
level in tumor tissues and malignant clinicopathological char-
acteristics (large tumor size, high pathologic stage and positive 
lymph node metastasis) of lung cancer patients. Using human 
NSCLC cell and xenograft mouse models, it was revealed 
that SIRT7 overexpression promoted NSCLC cell in vitro and 
in vivo proliferation/growth, G1 to S‑phase transition, migra-
tion and invasion as well as in vivo distant lung metastasis, 
whereas SIRT7 knockdown suppressed these processes. 
Furthermore, SIRT7 overexpression strengthened activation 
of AKT/ERK1/2 signaling as well as regulated the expression 
of G1‑phase checkpoint molecules to promote G1 to S‑phase 
transition and EMT‑associated molecules to facilitate EMT in 
NSCLC cells.

The abnormal activation of the phosphatidylinositol 
3‑kinase (PI3K)‑AKT and mitogen‑activated protein kinase 
(MAPK)‑ERK1/2 pathway is considered to contribute to 
carcinogenesis and cancer progression (34‑36). A high level 
of phosphorylated AKT and ERK1/2 has also been revealed to 
frequently occur in human NSCLC, affirming them as poten-
tial therapeutic targets for NSCLC (37). Previous studies have 
revealed the role of SIRT7 in modulating AKT and ERK1/2 
signaling. Vakhrusheva et al  (38) revealed the increase of 
phosphorylated AKT in the heart of SIRT7‑/‑ mice. Under 
energy stress conditions, SIRT7 can suppress AKT activa-
tion via deacetylation of FKBP51 and subsequent enhanced 
interaction between PHLPP and AKT, thereby sensitizing 
breast cancer cells to cytotoxic agents (39). Controversially, 
SIRT7 has been revealed to promote activation of AKT and 
p70S6K1 in thyroid cancer via the DBC1/SIRT1 axis  (40). 
In addition, SIRT7 was able to activate the MAPK‑ERK1/2 
pathway as well as increase ERK1/2 phosphorylation in 
colorectal cancer  (16) and hepatocellular carcinoma  (41). 
In accordance with these findings  (16,40,41), the present 
study revealed that AKT and ERK1/2 phosphorylation were 
increased in SIRT7‑overexpressed NSCLC cells, whereas 
their levels were reduced in SIRT7‑knocked down NSCLC 
cells. The data indicated that SIRT7 was capable of activating 
AKT/ERK1/2 signaling in NSCLC cells, which may contribute 
to SIRT7‑induced promoting effects on NSCLC cell growth 
and metastasis.

Cell cycle dysregulation control may result in tumori-
genesis and cancer development  (42). Proteins involved 
in cell cycle regulation include cyclins, cyclin‑dependent 

kinases (CDKs) and CDK inhibitors (42). The main G1‑phase 
checkpoint molecules include cyclin A, cyclin D and cyclin 
E cyclins, CDK2, CDK4 and CDK6 CDKs, and p21 and p27 
CDK inhibitors (42). Among these elements, p21 can suppress 
the activity of the cyclin E/A‑CDK2 complex, whereas p27 can 
suppress the activity of the cyclin D‑CDK4/6 complex, leading 
to cell cycle arrest in the G1 phase (42). In order to explore the 
cellular mechanism for SIRT7‑induced NSCLC cell growth 
promotion, cell cycle analysis in SIRT7‑overexpressed and 
SIRT7‑knocked down NSCLC cells was performed by flow 
cytometry. It was demonstrated that SIRT7 overexpression 
accelerated cell cycle progression by favoring cell cycle phase 
transition from G1 to S in NSCLC cells, while SIRT7 knock-
down induced G1‑phase arrest. The effects of SIRT7 on the 
expression of G1‑phase checkpoint molecules including p21, 
p27, cyclin D1, cyclin E1, CDK2 and CDK4 were then detected, 
demonstrating that overexpression of SIRT7 upregulated 
cyclin D1, cyclin E1, CDK2 and CDK4, and downregulated 
p21 and p27, whereas knockdown of SIRT7 exhibited the 
opposite regulatory effects. Previous studies  (18,19) have 
revealed that SIRT7 can promote tumor cell cycle progression 
via downregulation of p21 and upregulation of cyclin D1 and 
CDK2, which are consistent with the present results. Thus, it is 
concluded that SIRT7 promotes human NSCLC proliferation 
and growth to a great extent via accelerating G1 to S‑phase 
transition by regulating the expression of G1‑phase checkpoint 
molecules.

EMT endows epithelial‑derived tumor cells with enhanced 
migratory, invasive and metastatic ability and is involved 
in cancer metastasis (43,44). Main steps can be observed in 
EMT progression. For example, the epithelial cell‑cell junc-
tions are disintegrated, the apical‑basal polarity is lost, the 
front‑rear polarity is acquired, the cytoskeletal architecture 
is reorganized and the cell shape is altered. It can also be 
detected that the expression of E‑cadherin epithelial marker 
is downregulated and the expression of N‑cadherin and 
vimentin mesenchymal markers is upregulated  (43,44). 
EMT can be driven by Snail/Slug, Twist (Twist1)/Twist2 and 
Zeb1/Zeb2 transcription factors with the ability to suppress 
E‑cadherin and activate N‑cadherin and vimentin directly or 
indirectly (43,44). Previous studies have revealed the role of 
SIRT7 in activation of EMT in several cancers (16,20,45,46). 
To further clarify the association between SIRT7 and EMT 
in NSCLC cells, the present study determined the effects of 
SIRT7 overexpression or knockdown on the expression of 
EMT‑related molecules in human NSCLC cells. As antici-
pated, overexpression of SIRT7 downregulated E‑cadherin 
as well as upregulated Snail, Slug, N‑cadherin and vimentin. 
However, knockdown of SIRT7 exhibited the opposite effects. 
The present findings indicated that SIRT7 promoted EMT of 
NSCLC cells, which may be involved in SIRT7‑stimulated 
NSCLC metastasis. Although the exact mechanism by which 
SIRT7 regulates EMT‑associated molecules in NSCLC cells 
remains elusive, the SIRT7‑induced upregulation of Snail 
and Slug may be responsible for SIRT7‑mediated E‑cadherin 
reduction or N‑cadherin and vimentin increase. Active 
glycogen synthase kinase 3β (GSK3β) has been revealed to 
be capable of phosphorylating Snail/Slug and increasing 
β‑transducin repeat‑containing protein (βTrCP)‑ or carboxyl 
terminus of Hsc70‑interacting protein (CHIP)‑induced Snail 
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or Slug ubiquitylation, leading to proteasomal degradation of 
Snail and Slug (44,47‑49). It has also been demonstrated that 
active AKT and ERK1/2 can phosphorylate GSK3β at Ser9 
residue and inactivate activity of GSK3β (49,50). Therefore, 
SIRT7‑induced activation of AKT/ERK1/2 signaling may 
participate in SIRT7‑induced upregulation of Snail and Slug 
in NSCLC cells by positively modulating their stability 
through the AKT/ERK1/2‑GSK3β‑Snail/Slug axis. Notably, 
emerging evidence has revealed that SIRT7 can directly 
bind to the promoter of E‑cadherin to promote H3K18Ac 
deacetylation, resulting in inhibition of E‑cadherin transcrip-
tion (45,46), which prompted us to infer that SIRT7 may also 
directly suppress E‑cadherin expression of NSCLC cells in a 
chromatin‑remodeling manner.

Collectively, the present study demonstrated that SIRT7 
was capable of promoting human NSCLC cell growth and 
metastasis possibly by activating AKT/ERK1/2 signaling as 
well as favoring cell cycle phase transition from G1 to S via 
regulation of G1‑phase checkpoint molecules and inducing 
EMT. SIRT7 functions as an oncogene and could be a novel 
therapeutic target in human NSCLC.
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