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Abstract. Lin28 plays important roles in the development, 
maintenance of pluripotency and progression of various types 
of cancers. Lin28 represses the biogenesis of let-7 microRNAs 
and is implicated in both development and tumorigenesis. 
Oncogenic regulation of let-7 microRNAs has been demon-
strated in several human malignancies, yet their correlation 
with Lin28 has not yet been studied in gastric cancer. Therefore, 
in the present study, we explored the possible mechanisms 
involved in the effects by Lin28 on the proliferation, migra-
tion, cell cycle arrest and apoptosis in gastric cancer cells via 
alteration of let-7 miRNA. The expression levels of Lin28 and 
let-7 were detected by real-time PCR in gastric cancer cell 
lines in vitro. Lin28 was overexpressed in the BGC-823 cells 
via lentiviral transfection, and let-7 expression was assessed. 
Cell proliferation and migration capabilities were investigated 
by MTT and Transwell assays, while cell cycle distribution 
and the apoptosis rate were detected using flow cytometry. 
The expression of Lin28 was moderately expressed in the 
GES cells while underexpressed in the BGC-823, SGC-7901 
and HGC-27 cells. Let-7a miRNA was highly expressed in the 
GES, BGC-823, SGC-7901 and HGC-27 cells. Overexpression 
of Lin28 was inversely correlated with the downregulated 
expression of let-7a, and markedly suppressed the proliferation, 
migration, cell cycle progression and induced apoptosis in the 
BGC-823 cells. These findings demonstrated that overexpres-
sion of Lin28 can suppress the biological behavior of gastric 

cancer in vitro, and let-7 miRNA may play an important role 
in the process. We suggest that Lin28 may be a candidate 
predictor or an anticancer therapeutic target for gastric cancer 
patients.

Introduction

Lin28 is a conserved RNA binding protein that was originally 
described as an indispensable regulator of developmental 
timing in Caenorhabditis elegans  (1). Mammals have two 
homologs, Lin28A and Lin28B. In mammals, Lin28A, often 
called Lin28, is ubiquitously expressed in early embryonic 
stages and was shown as one of the four factors that convert 
fibroblasts into induced pluripotent stem (iPS) cells (2). Lin28 
is readily expressed in embryos and embryonic stem cells, 
yet it is either undetectable or its expression remains at low 
levels in normal adult tissues, suggesting that Lin28 may play 
a critical role in cell proliferation and/or differentiation during 
embryonic development (3,4). Recently, Lin28 was confirmed 
to possess the ability to facilitate the reprogramming of human 
somatic cells to iPS cells (5).

Furthermore, Lin28A/B promote malignant transforma-
tion, and their expression is associated with advanced stages 
of numerous types of tumors, including hepatocarcinoma, 
nephroblastoma, ovarian carcinoma and germ cell tumors (6,7). 
It is highly expressed in various tumors, such as hepatocel-
lular carcinoma and colorectal cancer (7-9). Overexpression 
of Lin28 has been shown to promote cancer cell prolifera-
tion (10). High expression of Lin28 is a poor prognostic factor 
in hepatocellular cancer and it is significantly associated with 
lymph node metastasis in colorectal cancer. These features 
make Lin28 an attractive target for antibody-based therapy. 
Therefore, understanding the occurrence and expression status 
of Lin28 has important implications in the prognosis and treat-
ment of cancer.

At the molecular level, Lin28 acts as a suppressor of 
let-7 microRNA biogenesis (11-14). Lin28 and its homolog, 
Lin28B have been known to regulate all let-7 family members 
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through a maturation process and cellular differentiation (15). 
Lin28 was reported to act as a transacting regulator which 
binds let-7 pre‑miRNA to block its maturation in embryonic 
stem cells (14). This particular function of let-7 was used in 
the process of establishing iPS cells from human fibroblasts 
in order to enhance the efficiency of cellular formation (16). 
A number of studies have also suggested an association 
between Lin28 and let-7, with particular emphasis upon their 
involvement in cellular processes such as differentiation and 
proliferation (13,14).

However, a correlation between Lin28 and let-7 in gastric 
cancer cells has not yet been confirmed. In the present study, 
we examined the expression of Lin28 and let-7 in gastric cancer 
cell lines and investigated the effect of lentiviral-mediated 
Lin28 overexpression on proliferation, migration, cell cycle 
progression and apoptosis of gastric cancer cells in vitro.

Materials and methods

Cell culture. The human gastric cancer cell lines BGC-823, 
SGC-7901 and HGC-27 and the gastric mucosal cell line GES 
were provided by Jiangsu Key Laboratory of Biological Cancer 
Therapy, Xuzhou Medical College, China. All cell lines were 
routinely maintained in RPMI-1640 medium (Gibco, Garlsbad, 
CA, USA) supplemented with 10% fetal bovine serum (FBS) 
(Invitrogen, USA), 2 mM glutamine, 100 U/ml of penicillin 
and 100 mg/ml streptomycin (all from Sigma, St. Louis, MO, 
USA) at 37˚C with 5% CO2.

Recombinant lentivirus construction. The human Lin28 gene 
fragments were amplified by polymerase chain reaction (PCR) 
technology. The primers for PCR were synthesized as follows 
(GeneChem Co., Ltd., Shanghai, China): Lin28 (6596‑2)-P1, 
GAGGATCCCCGGGTACCGGTCGCCACCATGGGCTCC 
GTGTCCAACCAG and Lin28 (6596‑2)-P2, TCCTTGTA 
GTCCATACCATTCTGTGCCTCCGGGAGCAG. The lenti-
viral vector Ubi-MCS-GFP (GeneChem) was digested by the 
restriction enzyme AgeI. Then Lin28 gene fragments were 
ligated into the GV287 lentiviral vector Ubi-MCS-GFP. The 
primer, KL6596-P3 (CCCAGTGGATGTCTTTGTGC) 
located in the coding sequence of the Lin28 gene was used in 
PCR to identify positive transformants. Positive clones, as 
confirmed by PCR, were chosen for sequencing. Recombinant 
lentiviruses, which coexpress enhanced green fluorescent 
protein (GFP) and the Lin28 sequence, were produced by 293T 
cells following the co-transfection of Ubi-MSC-EGFP-Lin28 
and the packaging plasmids pHelper  1.0 and pHelper  2.0 
(GeneChem) using Lipofectamine 2000 (Invitrogen). Western 
blot analysis was employed to confirm the overexpression of 
Lin28A in the transfected 293T cells as described above. 
Lentiviral-expressing green GFP was generated as a control. 
The virus titer was detected by quantitative real-time PCR 
after concentrating and harvesting the viral supernatant.

Transfection. BGC-823 cells in log phase were cultured in 
6-well plates at a density of 5x104 cells/well and transfected 
with Lin28-GFP vectors (Lin28 overexpression group) or 
GFP vectors (expressing GFP) at a multiplicity of infection 
(MOI) of 20 in serum-free medium. After incubation at 37˚C 
for 16 h, the transduction medium was replaced with fresh 

DMEM + 10% FBS. Lin28A-BGC-823 cells were geneti-
cally engineered with a recombinant lentivirus coexpressing 
EGFP and Lin28 and used as the overexpression (OE) group, 
and GFP-BGC‑823 cells were manipulated with a lentivirus 
expressing GFP and were used as the negative control 
(NC) group. BGC-823 cells without intervention served as 
the normal control (CON) group and cultured in the same 
manner as described above. After 3 days of transfection, 
GFP expression was observed using fluorescence microscopy 
(MicroPublisher 3.3 RTV; Olympus, Japan).

RT-PCR assay. RNAs from the different groups were extracted 
with TRIzol reagent (Invitrogen) and treated with DNase 
(Tiangen Biotech, Beijing, China). cDNA was synthesized from 
2 µg of total RNA according to the manufacturer's instruc-
tions in a total volume of 10 µl (M-MLV; Promega, Axygen). 
Negative control reactions were run without reverse transcrip-
tase. An equal volume of product was subjected to PCR. The 
primer sequences were specific to an updated version of the 
GenBank sequences. Sequences of primers were used to detect 
human Lin28 (NM_024674) and let-7a (MIMAT0000062) 
(GeneChem). The amplification conditions were as follows: 
40  cycles of 95˚C for 30  sec, 95˚C for 5  sec, annealing 
at 60˚C for 30 sec and 72˚C for 15 sec for primer template 
extension. Gene expression in each sample was normalized 
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
expression. The fold changes for each mRNA were calculated 
using the 2-ΔΔCT method. The different forward (F) and reverse 
(R) primer sequences were as follows: the primers for Lin28 
were (forward) 5'-GCCTTCTACTGGAAGATTGG and 
(reverse) 5'-GATCTGGAGATGTAAAGCACG; the primers 
for GAPDH were (forward) 5'-TGACTTCAACAGCGAC 
ACCCA and (reverse) 5'-CACCCTGTTGCTGTAGCCAAA.

Western blot analysis. Cell proteins were extracted using lysis 
buffer [50 mM Tris-HCl (pH 8.8), 150 mM NaCl, 0.1% SDS, 
2 mM EDTA, 1 mM PMSF, 1% NP40, 5 µg/ml aprotinin, 
1 µg/ml leupeptin] at 4˚C on ice. The lysates were centrifuged 
at 12,000 rpm for 10 min at 4˚C, and the supernatants were 
collected. Twenty-five micrograms of protein was loaded onto a 
12% SDS-PAGE gel and subjected to electrophoresis at 20 mA 
for 62 min under denaturing conditions and then transferred 
to nitrocellulose membranes. After blocking in 5% non-fat 
milk in Tris-buffered saline Tween-20 (TBST) overnight at 
4˚C, the membranes were immunoblotted with anti-Lin28 
(1:3,000) or anti-β-actin (1:5,000) antibodies overnight at 4˚C. 
The following day, membranes were washed three times with 
TBST and then incubated with anti-mouse secondary anti-
bodies in PBS (1:4,000) for 2 h at room temperature. Bands 
were detected using an enhanced chemiluminescence (ECL) 
system (ECL kit; Santa Cruz, USA). β-actin was used as an 
internal control.

Cell proliferation assay. An MTT assay was used to evaluate 
cell proliferation according to the manufacturer's instructions. 
After recombinant lentivirus transfection for 4 days, the three 
groups were seeded in 96-well plates at 2,000 cells/well and 
cultured for 24, 48, 72, 96 and 120 h. A total of 20 µl of MTT 
(Sigma) stock solution was added to 200 µl of medium in 
each well, and the plates were incubated for 4 h at 37˚C. Next, 
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150 µl of dimethyl sulfoxide was added to each well, and the 
plates were incubated for 15 min at room temperature. The 
absorbance values were read by an enzyme-linked immuno-
sorbent assay (490 nm).

Migration assay. A Transwell assay was used to evaluate 
cell migration. After recombinant lentivirus transfection for 
4 days, 1x105 cells were plated onto 24-well cell chambers 
(3422; Corning Inc., Corning, NY, USA) with an 8-µm pore 
polycarbonate membrane. In this assay, the cells were plated 
in medium supplemented with 0.1% serum, and the chambers 
were placed into 24-well plates with medium containing 10% 
serum. After 24  h, invaded cells on the lower membrane 
surface were fixed and stained with Giemsa stain while cells 
that did not migrate through the pores were removed by 
cotton swabs. Cells in three random fields for each insert were 
counted with fluorescence microscopy (Olympus). The absor-
bance values were read by an enzyme-linked immunosorbent 
assay (570 nm).

Cell cycle analysis. To analyze cell cycle distribution, DNA 
content per duplicate was analyzed using flow cytometry. 
After recombinant lentivirus transfection for 6 days, the cells 
in the three groups were harvested by trypsinization, centri-
fuged and washed three times with 4˚C PBS. The cells were 
then fixed in 70% ethanol at 4˚C for 1 h. The fixed cells were 
stained with 50 µg/ml propidium iodide (PI) containing 50 µg/
ml RNase A (DNase free) for 15 min at room temperature in 
the dark and analyzed by fluorescence-activated cell sorting 
(FACSCalibur; BD Biosciences, San Jose, CA, USA). The 
results were analyzed using CellQuest software (Becton-
Dickinson and Co., Franklin Lakes, NJ, USA). The cell cycle 
distribution was evaluated by calculating the proportion of 
cells in the G0/G1, S and G2/M stages. In each independent 
experiment, three parallel wells were contructed, and the 
procedures were carried out in triplicate.

Apoptosis analysis. The Annexin V-APC apoptosis detection 
kit (eBioscience Inc., San Diego, CA, USA) was used to eval-
uate apoptosis. After recombinant lentivirus transfection for 
9 days, cell in the three groups were harvested and centrifuged 
for 5 min at 1,500 rmp, and then suspended at a density of 
1x106 cells/ml. Subsequently, the cells were diluted by buffer, 
and 5 µl Annexin V was added to each sample. Incubation was 
carried out for another 15 min, and samples were analyzed 
using flow cytometry (BD Biosciences) and observed by fluo-
rescence microscopy (Olympus). Data obtained were analyzed 
using CellQuest software.

Statistical analysis. Statistical analysis was performed 
with SPSS 13.0 software (version 13.0). The Student's t-test, 
one-way ANOVA and Pearson's Chi-square test were used 
according to the data characteristics. P<0.05 was considered to 
indicate a statistically significant result. The quantitative data 
are presented as means ± standard deviation.

Results

Lin28 and let-7 expression in gastric cancer cell lines. Using 
real-time PCR to quantify Lin28 mRNA and hsa-let-7a-5p 
in four human gastric cancer cell lines and a normal gastric 
epithelium cell line, we found that Lin28 mRNA was moder-
ately expressed in the GES cells and expressed at a low level 
in the BGC-823, SGC-7901 and HGC-27 cells. let-7a miRNA 
was highly expressed in both GES cells and the gastric cancer 
cell lines  (Fig.  1). The expression of Lin28 mRNA was 
inversely correlated with let-7a (r=-0.727, P=0.007). These 
results suggest that Lin28 may play important roles in gastric 
cancer progression by acting as a tumor-suppressor gene and 
let-7a may also play an important role.

Lenti-Lin28 upregulates the expression of Lin28 in the 
BGC-823 cells. After lentivirus transduction at 20 MOI for 
72h, the cell viability was ~90, and 80% of the BGC-823 cells 
steadily delivered the GFP gene (Fig. 2). RT-PCR analysis was 
performed to detect Lin28 expression in the BGC-823 cells. 
The mRNA level of Lin28 was low or undetectable in the NC 
group, yet exposure of the BGC-823 cells to lenti-Lin28 for 
72 h significantly elevated the level of Lin28. The Lin28A 
mRNA levels in the OE and NC groups were 28.5±2.3 and 
104.5±6.4%, respectively (P=0.0027) (Fig. 3A). Moreover, to 
verify whether the increase in Lin28 mRNA was translated 
into upregulation of the protein, we assayed the protein 
expression of Lin28 in BGC-823 cells. In accordance with 
the mRNA level, western blotting showed that the OE group 
expressed a higher protein level following lentivirus Lin28 
administration (Fig. 3B).

Overexpression of Lin28 downregulates let-7a expression in 
the BGC-823 cells. We assessed let-7a expression in the NC 
and OE groups with RT-PCR. Let-7a miRNA levels were 
100.7±14.1 and 54.4±2.5%, respectively (Fig. 3C). The expres-
sion level of let-7a miRNA in the OE group was significantly 
lower than that in the NC group (P=0.02647). The overexpres-
sion of Lin28 mRNA was inversely correlated with let-7a 
(r=-0.863, P=0.003). Systematic overexpression of Lin28 
markedly downregulated the miRNA expression of let-7a.

Figure 1. Lin28 and let-7a expression in the cell lines. (A) mRNA was mod-
erately expressed in the GES cells and lowly expressed in the BGC-823, 
SGC-7901 and HGC-27 cells. (B) Let-7a miRNA was highly expressed in the 
GES cells and in the gastric cancer cell lines.
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Overexpression of Lin28 inhibits gastric cancer cell prolifera-
tion and migration. An MTT assay was employed to study the 
impact of overexpression of Lin28 on cell proliferation. The 

number of proliferating cells was determined by measuring 
the optical density (OD) value at 490 nm. The cell lines in 
all of the groups were cultured for 144 h, and the OD values 
were then determined and compared among the groups. The 
results indicated that the rate of cell proliferation was slower 
in the OE group than the rates in the CON and NC groups 
(P<0.05, Fig. 4A). A Transwell assay was used to determine 
the influence of the overexpression of Lin28 on cell migration 
capability. Differences in migration were distinctly observed 
among the three groups after Giemsa staining (Fig. 5). The 

Figure 3. Lin28 and let-7a expression after lenti-Lin28 transduction. (A) The 
mRNA level of Lin28 was significantly elevated in the OE group and was 
low or undetectable in the NC group after lenti-Lin28 transduction for 72 h. 
(B) Western blotting showed that the OE group expressed a higher protein 
level than that of the NC group. (C) The expression level of let-7a miRNA in 
the OE group was significantly lower than that in the NC group. OE, overex-
pression; NC, negative control.

Figure 4. Outcomes of the MTT and Transwell assays. (A) The rate of cell 
proliferation was slower in the OE group than the rates in the CON and NC 
groups. (B) The migration rate was significantly decreased in the OE group 
when compared with the rates in the CON and NC groups. OE, overexpres-
sion; CON, control; NC, negative control.

Figure 2. Representative images of BGC-823 cells infected with the indicated lentiviruses. (A) NC group, bright field. (B) OE group, bright field. (C) NC group, 
fluorescent field. (D) OE group, fluorescent field. Magnification, x200. NC, negative control; OE, overexpression.
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Figure 5. Representative images of Giemsa staining in the different groups. (A) CON group, (B) NC group, (C) OE group. CON, control; NC, negative control; 
OE, overexpression.

Figure 6. Overexpression of Lin28 inhibits the proliferation of BGC-823 cells due to G0/G1 cell cycle arrest and increased apoptosis. Cell cycle profiles were 
obtained, and the cell distribution displayed is representative of three groups: (A) control group, (B) NC group, (C) OE group. (D) The percentage of cells in the 
G0/G1 phase in the OE group was significantly increased while the percentage of cells in the G2/M phase was significantly decreased. NC, negative control; 
OE, overexpression.

Figure 7. The apoptosis rate was significantly increased in the OE group. Flow cytometry scatter plots were obtained for the three groups: (A) control group, 
(B) NC group, (C) OE group. (D) The apoptosis rate of the OE group was significantly increased. OE, overexpression; NC, negative control.
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observations revealed that the migration rate was significantly 
decreased in the OE group when compared with the rates in 
the CON and NC groups (P<0.05, Fig. 4B).

Overexpression of Lin28 affects cell cycle progression and the 
rate of apoptosis. Cell cycle profiles were monitored by flow 
cytometric analysis. Compared with that of the CON and NC 
groups, the percentage of cells in the G0/G1 phase in the OE 
group was significantly increased, while the percentage of these 
cells in the G2/M phase was significantly decreased (Fig. 6). 
These findings indicate that the inhibitory effect on cell prolif-
eration by Lin28 may be due to G0/G1 cell cycle arrest and 
increased apoptosis in BGC-823 cells. The rate of apoptosis in 
the OE group was significantly increased when compared with 
the rates in the CON and NC groups (Fig. 7).

Discussion

In the present study, we investigated the association of Lin28 
expression with let-7 in gastric cancer cells. We found that 
Lin28 expression was downregulated while let-7a was highly 
expressed in the gastric cancer cell lines, and that Lin28 was 
inversely correlated with let-7a. Lin28 transfection induced 
downregulation of let-7a miRNA and suppression of prolif-
eration, migration and cell cycle progression in the gastric 
cancer cells. These results suggest that Lin28 may suppress 
tumor malignancy of gastric cancer cells through inhibition of 
let-7 microRNA biogenesis and could be a potential target for 
gastric cancer therapy.

A possible interference of Lin28 towards let-7 maturation 
process has been reported both in developmental stages and in 
various human malignancies. This inverse relationship between 
Lin28 and let-7 miRNA is present in mammalian cells, where 
Lin28A/B are mainly expressed in undifferentiated cells, and 
mature let-7 is only detectable upon differentiation or tissue 
development (13,14,17).

In undifferentiated cells, Lin28 is highly expressed and 
blocks the biogenesis of let-7 miRNA. Upon differentiation, 
Lin28 expression is reduced and leads to increased levels of 
mature let-7. Let-7 can silence gene expression of proto‑onco-
genes (Ras, c-Myc, Hmga2), cell cycle progression factors 
(cyclin D1 and D3, Cdk4), components of the PI3K-mTOR 
pathway and Lin28 itself, thereby establishing a positive 
feedback loop. Besides its role in differentiation, a Lin28/let-7 
regulatory network is apparently involved in several cellular 
processes such as development and physiology, proliferation, 
oncogenesis, as well as metabolism (18,19). In the present study, 
our results revealed that an inverse relationship between Lin28 
and let-7a miRNA was also present in gastric cancer cells.

The roles of Lin28A and Lin28B are considered to be homo-
geneous in the oncogenesis of various types of cancer (14), yet 
the details of the mechanism remain unknown. Several studies 
have shown that Lin28B is associated with an aggressive 
biological behavior in several human malignancies (8,20). For 
instance, Viswanathan et al reported that activation of Lin28B 
may be associated with rare amplification or translocation of 
various oncogenes (7). When Lin28B was overexpressed in 
colon cancer, cellular proliferation in tumor cells was elevated, 
which then often resulted in metastasis and aggressive tumori-
genesis (21). In ovarian cancer, higher expression of Lin28B 

appears to be linked with poor prognosis of patients possibly 
via mediation of insulin-like growth factor-II (13).

Research has also highlighted the roles of Lin28 in the 
biological behavior of gastric cancer. In previous studies, it has 
been reported that Lin28 is expressed at a low level in gastric 
carcinoma tissues when compared with the expression in the 
corresponding normal tissues, and positive expression of Lin28 
protein was found to be correlated with poor outcome. Thus, 
positive expression of Lin28 protein serves as an independent 
prognostic factor (22). Lin28 expression was also associated 
with pathologic tumor response in locally advanced gastric 
cancer patients undergoing neoadjuvant chemotherapy and 
Lin28 could serve as a predictive biomarker for neoadjuvant 
chemotherapy in patients with gastric cancer (23). However, 
in the present study, the results revealed that overexpression 
of Lin28 inhibited the proliferation, migration, cell cycle 
progression and induced the apoptosis of gastric cancer cells, 
and Lin28 is associated with suppressive biological behavior 
in gastric cancer cells. To clarify the precise roles of Lin28, 
further investigation is required including further analysis of 
the molecular mechanisms.

Collectively, the present study demonstrated that Lin28 
inhibited the proliferation, migration and cell cycle progres-
sion of gastric cancer cells, while let-7 microRNA may play 
an important role in this process. We suggest that Lin28 may 
be a candidate predictor or an anticancer therapeutic target for 
gastric cancer patients.
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