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ABSTRACT The aberrant expression of microRNAs (miRNAs) has frequently been reported in 
cancer studies; miRNAs play roles in development, progression, metastasis, and prognosis. 
Recent studies indicate that the miRNAs within the Dlk1-Dio3 genomic region are involved in 
the development of liver cancer, but the role of miR-1188 in hepatocellular carcinoma (HCC) 
and the pathway by which it exerts its function remain largely unknown. Here we demon-
strate that miR-1188 is significantly down-regulated in mouse hepatoma cells compared with 
normal liver tissues. Enhanced miR-1188 suppresses cell proliferation, migration, and invasion 
in vitro and inhibits the tumor growth of HCC cells in vivo. Moreover, overexpressed miR-
1188 promotes apoptosis, enhances caspase-3 activity, and also up-regulates the expression 
of Bax and p53. MiR-1188 directly targets and negatively regulates Bcl-2 and Sp1. Silencing 
of Bcl-2 and Sp1 exactly copies the proapoptotic and anti-invasive effects of miR-1188, re-
spectively. The expression of apoptosis- and invasion-related genes, such as Vegfa, Fgfr1, and 
Rprd1b, decreases after enhancement of miR-1188, as determined by gene expression profil-
ing analysis. Taken together, our results highlight an important role for miR-1188 as a tumor 
suppressor in hepatoma cells and imply its potential role in cancer therapy.

INTRODUCTION
MicroRNAs (miRNAs) are conserved short RNAs that suppress pro-
tein expression through base pairing with the 3′-untranslated region 
(UTR) of target mRNAs (Jewer et al., 2012). Increasing evidence sug-
gests that miRNAs play important roles in multiple pathological pro-
cesses and have significant functions as both tumor suppressors and 
oncogenes (Ren et al., 2014; Shen et al., 2014; Su et al., 2014). As a 
new class of genomic information, miRNA dysregulation can pro-
vide insight into new carcinogenic pathways and opportunities for 
biomarker and therapeutic target discovery (Denoyelle et al., 2014; 
Roderburg and Luedde, 2014).

Hepatocellular carcinoma (HCC) is one of the most common 
cancers and contributes markedly to increased cancer-related 
death (Cha and Dematteo, 2005; Aravalli et al., 2008). Altered 
miRNA expression is observed in HCCs collected from cohorts in 
different studies. Furthermore, several dysregulated miRNAs 
have been shown to regulate cell growth, apoptosis, migration, 
or invasion (Xiong et al., 2010; Lu et al., 2011; Xie et al., 2013; Liu 
et al., 2014; Wang et al., 2014). These findings suggest that dys-
regulation of miRNA may be associated with hepatocarcinogen-
esis. More extensive investigations are required to elucidate the 
role of miRNAs in the development of HCC in order to identify 
which ones might be used as novel prognosis predictors or as 
therapeutic targets for HCC (Zhang et al., 2012; Yang et al., 
2013b).

Sp1 is a member of the Sp/Kruppel-like factor (KLF) family 
(Yasuda et al., 2002). A previous study reported that Sp1 was criti-
cally involved in cell growth and tumorigenesis (Lou et al., 2005). 
Aberrant expression of Sp1 is regulated by miRNAs; this has been 
observed in various cancers, including hepatocellular carcinomas, 
breast cancer, and gastric cancer (Xu et al., 2011a, 2012; Banerjee 
et al., 2012). Bcl-2, as an oncogene, has been implicated in 
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levels suppressed colony formation, whereas miR-1188 inhibitor in-
creased colony formation compared with the NC group (Figure 2C). 
These data indicate that miR-1188 could inhibit the growth of hepa-
toma cells.

Changes in cell morphology are important parameters for cancer 
invasion and migration. We measured and analyzed the morphol-
ogy (area) of cells transfected with mimics or SNC in each well of a 
24-well plate. The cell size distribution showed significant differ-
ences between mimics and SNC-treated cells (Figure 2D). MiR-1188, 
remarkably, inhibited the cell area by twofold overall compared with 
SNC, showing that miR-1188 triggers morphological changes in he-
patoma cells.

To evaluate whether miR-1188 is biologically involved in the 
modulation of tumor cell migration and invasion in Hepa1-6 cells, 
we performed wound-healing and Transwell matrix penetration as-
says. Figure 2E shows that Hepa1-6 cells transfected with the miR-
1188 mimics displayed lower migratory speed than cells transfected 
with SNC. Consistent with this result, Transwell migration assays 
showed that the number of cells that migrated after transfection 
with miR-1188 inhibitor was ∼1.6-fold higher than for NC. Further-
more, the invasion capability of Hepa1-6 cells increased 3.5-fold as 
a result of miR-1188 inhibition. Opposite results were clearly ob-
served in the mimics group (Figure 2, F and G), indicating an inhibi-
tory effect of miR-1188 on migration and invasion of hepatoma cells. 
These results suggest that miR-1188 represses traits key to the de-
velopment of metastasis in hepatoma cells in vitro.

Up-regulation of miR-1188 induced apoptosis and activated 
caspase-3
Figure 3B shows that transient transfection of miR-1188 mimics re-
sulted in significantly increased caspase-3 activation, which is a key 
indication of cells undergoing apoptosis. We next observed that up-
regulation of miR-1188 enhanced apoptosis by nearly 70-fold com-
pared with SNC in Hepa1-6 cells (Figure 3A). Taken together, these 
data indicate that up-regulation of miR-1188 induced hepatoma cell 
apoptosis. To explore the molecules involved in apoptosis, we mea-
sured the protein expressions of Bax, Bcl-2, and p53 in enhanced 
miR-1188 cells. Figure 3C shows that overexpression of miR-1188 
significantly suppressed the expression of Bcl-2 in Hepa1-6 cells. 
However, the expression of Bax and p53 was up-regulated. Taken 
together, these results indicate that miR-1188 might induce apopto-
sis partially by targeting Bcl-2.

However, the expression of other genes regulated by miR-1188 
might also play important roles in tumorigenesis. Gene expression 
profiling analysis of miR-1188–overexpressing Hepa1-6 cells re-
vealed changes in levels of apoptosis- and tumorigenesis-related 
genes. Functional grouping analysis using the Database for Annota-
tion, Visualization, and Integrated Discovery (DAVID) showed that 
15 of the genes differentially regulated by enhanced miR-1188 were 
related to apoptosis and migration. The expression of these genes 
was changed in enhanced miR-1188 cells, indicating that they are in 
potential relationship with miR-1188 (Figure 3D). Many related 
genes, such as Vegfa, Fgfr1, and Rprd1b, were down-regulated af-
ter enhanced miR-1188 expression. Genes up-regulated by en-
hanced miR-1188 included tumor suppressors CD44, Dapk1, and 
Apaf1 (Haraguchi et al., 2000; Lee et al., 2005; Williams et al., 
2013).

MR-1188 directly targets Bcl-2 and Sp1
To begin to understand the molecular mechanisms underlying the 
proapoptotic and anti–migratory/invasive effects of miR-1188, we 
postulated that Bcl-2 and Sp1 might represent targets of miR-1188, 

apoptosis and tumorigenesis (Janumyan et al., 2003; Kelly and 
Strasser, 2011). It has been shown that miR-15 and miR-16 can 
down-regulate Bcl-2 in many types of cancer, including gastric 
cancer and chronic lymphocytic leukemia (Cimmino et al., 2005; 
Xia et al., 2008). Moreover, the introduction of miR-29 dramatically 
repressed the ability of HCC cells to form tumors and promoted 
HCC cells apoptosis by targeting Bcl-2 (Xiong et al., 2010).

The Mus musculus intron-encoded miR-1188 is located in the 
Dlk1-Dio3 imprinted miRNA cluster (Glazov et al., 2008). Previous 
research showed that overexpression of this miRNA cluster is posi-
tively correlated with HCC stem cell markers and associated with a 
conventional biomarker for liver cancer (Luk et al., 2011). In the pres-
ent study, low miR-1188 expression was found in a hepatoma cell 
line when compared with normal liver tissue. Cell proliferation, Tran-
swell cell migration and invasion assays, and in vitro colony forma-
tion assays demonstrated that overexpression of miR-1188 sup-
pressed hepatoma cell proliferation and invasion. Moreover, 
overexpressed miR-1188 promoted apoptosis and enhanced cas-
pase-3 activity; it also up-regulated Bax and p53 protein expression. 
In addition, miR-1188 suppressed the ability of HCC cells to form 
tumors in vivo. Furthermore, we used a luciferase reporter assay and 
Western blot to confirm that miR-1188 might function as a tumor 
suppressor in hepatoma by targeting Sp1 and Bcl-2. Gene expres-
sion profiling analysis of enhanced miR-1188 cells revealed changes 
in apoptosis- and invasion-related genes such as Vegfa, Fgfr1, 
and Rprd1b. Our findings will help to elucidate the functions of 
miR-1188 and its roles in HCC.

RESULTS
The expression of miR-1188 was down-regulated and 
inversely correlated with Bcl-2/Sp1 in Hepa1-6 cells
MiR-1188 is located in the Meg8 transcripts from a maternally ex-
pressed gene in the Dlk1-Dio3 imprinted cluster on mouse chromo-
some 12qF1. According to miRBase data and sequence alignment, 
there is only one base difference between human and mouse miR-
1188 (Figure 1A).

Expression of miR-1188 was determined in hepatoma cells and 
the major organs of mice. Quantitative real-time PCR (qRT-PCR) 
showed that miR-1188 was widely expressed in the major organs 
(Figure 1B), and markedly down-regulated in Hepa1-6 cells, when 
compared with normal liver tissue (Figure 1D). We analyzed miR-
1188 in the liver by in situ hybridization; mature miR-1188 localized 
in the cytoplasm (Figure 1C). We hypothesized that enhanced Bcl-2 
and Sp1 expression in hepatoma cells could be a result of reduced 
miR-1188 expression, so we examined Bcl-2 and Sp1 mRNA and 
protein levels in Hepa1-6 and normal liver tissue. Figure 1E shows 
that, compared with normal liver tissue, the expression of Bcl-2 and 
Sp1 was significantly higher in Hepa1-6 cells.

MiR-1188 suppressed cell proliferation, migration, and 
invasion in vitro
To investigate whether miR-1188 plays a role in the development 
and progression of liver cancer, we transfected cells with miR-1188 
mimics, stable negative controls (SNCs), inhibitor, or negative con-
trol (NC). Figure 2A shows that miR-1188 expression in cells trans-
fected with mimics was up-regulated hundredsfold, whereas in cells 
transfected with inhibitor, the expression decreased by almost 95%. 
Use of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assays demonstrated that cell viability was reduced by 25% in 
cells transfected with mimics compared with SNC at 96 h (Figure 
2B), suggesting a proliferation-suppressive function of miR-1188. 
Moreover, colony formation assays showed that enhanced miR-1188 
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To assess further whether miR-1188 repressed Bcl-2 or Sp1 ex-
pression in the mouse hepatoma intracellular environment, we ana-
lyzed Bcl-2 and Sp1 expression in Hepa1-6 cells after transfection 
with miR-1188 mimics or inhibitor. MiR-1188 changed the expres-
sion of Bcl-2 and Sp1 at the posttranscriptional level (Figure 4, E and 
F). Western blot assays showed that Bcl-2 and Sp1 protein levels 
were dramatically decreased in the miR-1188 mimics–treated group. 
Conversely, levels of Bcl-2 and Sp1 were increased in miR-1188 in-
hibitor groups compared with NC treatment (Figure 4G). To further 
confirm that Sp1 was negatively regulated by miR-1188, we ana-
lyzed Sp1 expression by immunofluorescence. Sp1 was predomi-
nantly located in the nucleus 48 h after the transfection of miR-1188 

containing in their 3′-UTRs potential binding sites for the miRNA 
(Figure 4, A and B).

To address whether these two genes were directly regulated by 
miR-1188, we performed luciferase reporter assays. The wild-type 
Bcl-2 and Sp1 3′-UTRs, as well as mutant forms, were cloned into a 
pMIR-REPORT luciferase vector. Hepa1-6 cells were transiently 
transfected with Bcl-2 or Sp1 3′-UTRs and miR-1188 mimics or SNC. 
Renilla luciferase vector was used for normalization. The results 
showed that miR-1188 inhibited the luciferase activity of the wild-
type Bcl-2 and Sp1 3′-UTRs but not the mutant Bcl-2 and Sp1 3′-
UTRs, suggesting that miR-1188 could directly target Bcl-2 and Sp1 
(Figure 4, C and D).

FIGURE 1: The location and expression of miR-1188 in mouse. (A) M. musculus miR-1188 is located on the maternally 
expressed gene in a Dlk1-Dio3 imprinted cluster. (B, D) qRT-PCR analysis showed the relative levels of miR-1188 in 
6-wk-old mice and Hepa1-6 cells. Relative miRNA levels were determined after normalization with U6. (C) Expression of 
miR-1188 in liver tissue using in situ hybridization (viewed by confocal microscopy). White arrows indicate mature 
miR-1188 localization in the cytoplasm, and yellow arrows represent blood cells. DAPI staining (blue) was used to 
visualize the nuclei; scale bars, 10 μm. (E) qRT-PCR and immunoblot analyses showed the relative levels of Bcl-2 and Sp1 
in Hepa1-6 cells and liver tissue. Each value was determined in triplicate; **p < 0.01, ***p < 0.001.
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Expression of Bcl-2 and Sp1 was down-regulated, as shown by qRT-
PCR and Western blot (Figure 5, A–D). To confirm further that Sp1 
was regulated by small interfering RNA (siRNA), we analyzed Sp1 
expression using immunofluorescence (unpublished data). Subse-
quently, we used Sp1–5′-UTR 588 and Bclx2-5′-UTR 1926 siRNAs for 
further experiments. As expected, knockdown of Sp1 markedly in-
hibited cell proliferation as determined by MTT assays; the suppres-
sion rate was 25 and 34% at 72 and 96 h, respectively (Figure 5E). 
Similarly, Sp1 knockdown reduced cell migration and invasion in 
Hepa1-6 cells (Figure 5F). These results suggested that knockdown 

mimics, and the level of Sp1 was significantly reduced compared 
with SNC (Figure 4H). Collectively these results suggest that Bcl-2 
and Sp1 are direct targets of miR-1188, and miR-1188 affects Bcl-2 
and Sp1 expression by directly binding to their 3′-UTR target 
regions.

MiR-1188 mediated apoptosis and invasion by modulating 
Bcl-2 and Sp1 levels
To investigate further the relationship between miR-1188 and its 
targets, we knocked down Bcl-2 and Sp1 by RNA interference. 

FIGURE 2: MiR-1188 suppressed cell proliferation, migration, and invasion in Hepa1-6 cells in vitro. (A) qRT-PCR analysis 
showed the relative levels of miR-1188 after Hepa1-6 cells were transfected with mimics or inhibitor. Relative miRNA 
levels were determined after normalization with U6. (B) Representative growth curves corresponding to Hepa1-6 cells 
transfected with SNC or miR-1188 mimics. (C) Colonies grown from Hepa1-6 cells transfected with mimics, SNC, 
inhibitor, or NC were counted. Percentage of control means the ratio of the experimental group to the control group, 
with each control defined at a value of 1 for statistical analysis. (D) Immunofluorescence staining of Alexa Fluor 
488–conjugated phalloidin, which is a high-affinity probe for F-actin (green), in Hepa1-6 cells transfected with SNC or 
mimics for 24 h (viewed by fluorescence microscope). Enlarged images of the boxed area are shown in the bottom right 
corner of the merge image; scale bars, 20 μm. Cell areas (morphology) were calculated and analyzed by image analysis. 
Ten randomly selected regions were analyzed. (E) Confluent monolayers of cells transfected with SNC or mimics were 
wounded and incubated for an additional 24 h. The migration distances were calculated. (F, G) Migration and invasion of 
Hepa1-6 cells transfected with SNC, mimics, NC, or inhibitor. Error bars represent the SE obtained from three 
independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001.
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bearing control and miR-1188–overexpressing Hepa1-6 cells on the 
left and right flanks, respectively, began to exhibit differences in tu-
mor growth between the two sides in the first week, and the differ-
ence increased until the experimental endpoint (Figure 6, A and B). 
This trend was confirmed by the weights of the dissected tumors 
(Figure 6C), strongly suggesting a marked deceleration of tumor cell 
proliferation by miR-1188.

qRT-PCR revealed that the expression of miR-1188 was in-
creased in hepatoma xenograft tumor tissues treated with miR-
1188 mimics compared with those treated with SNC (Figure 6D). 
Western blot showed that expression of Bcl-2 and Sp1 was de-
creased in tumor tissues containing mimics compared with SNC 
(Figure 6E). Correlation analysis indicated that there was a signifi-
cant inverse correlation between miR-1188 and Bcl-2/Sp1 protein 
expression, with R = –0.834 and –0.667, respectively (Figure 6F). 
Furthermore, tumor tissues were embedded in paraffin and then 
stained for histological examination. To observe the localization of 
Sp1 protein in tumor tissues, we performed fluorescence immuno-
histochemical staining. Green fluorescence indicated Sp1 protein 
expression (Figure 6G), which was located in the nucleus. Together 
these data support our in vitro findings that miR-1188 was inversely 
correlated with Bcl-2/Sp1 and that Bcl-2 and Sp1 were potential 
target genes for miR-1188.

of Sp1 changed the biological behavior of Hepa1-6 cells in much 
the same pattern as miR-1188 up-regulation. In addition, Figure 5G 
shows that suppression of Bcl-2 by siRNA promoted apoptosis and 
miR-1188 inhibitor led to reduced apoptosis, whereas miR-1188 in-
hibitor rescued apoptosis caused by suppression of Bcl-2 in cells 
cotransfected with inhibitor and siRNA compared with cells cotrans-
fected with siRNA alone.

Western blots showed that the levels of Bcl-2 and Sp1 were re-
duced in hepatoma cells transfected with either miR-1188 mimics or 
Bcl-2/Sp1 siRNAs (Figures 5, H and I). In contrast, down-regulation 
of miR-1188 elevated the expression of both Bcl-2 and Sp1. More 
significantly, miR-1188 inhibitor rescued the protein expression of 
Bcl-2 or Sp1 in cells cotransfected with inhibitor and siRNA com-
pared with cells cotransfected with siRNA alone (Figure 5, H and I). 
These results indicate that Bcl-2 or Sp1 might be involved in mediat-
ing the tumor-suppressive function of miR-1188.

MiR-1188 inhibits tumor growth in vivo
The data showing that miR-1188 negatively modulated hepatoma 
cell proliferation in vitro prompted us to ask whether the miRNA 
acted as an antitumor factor in vivo. To address this issue, we mea-
sured dynamic growth of subcutaneously xenografted hepatoma 
tumors in BALB/c-nu mice over 18 d. Our results showed that mice 

FIGURE 3: MiR-1188 induces apoptosis in Hepa1-6 cells in vitro. (A) Annexin V–FITC/PI staining of cells treated with 
scramble or miR-1188 mimics or inhibitor for 20 h. (B) MiR-1188 increased the activation of caspase-3. (C) Immunoblot 
analysis of Bcl-2, Bax, and P53 in Hepa1-6 cells transfected with miR-1188 mimics or inhibitor. (D) Heat map of gene 
expression profile data for 15 genes from Hepa1-6 cells transfected with SNC or miR-1188 mimics. The values were 
centered and scaled columnwise using the pheatmap R package and sorted by the ratio of mimics and SNC. Color from 
red to green represents genes that were down-regulated. Error bars represent the SE obtained from three independent 
experiments; *p < 0.05, ***p < 0.001.
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2009; Swarbrick et al., 2010; Gattolliat et al., 2011). For example, 
miR-127 inhibited cell proliferation and migration by targeting 
MAPK4 in gastric cancer cells (Guo et al., 2013). Down-regulated 
miR-136 targets AEG-1 and Bcl-2 in human glioma, which promotes 
the apoptosis of glioma (Yang et al., 2012). Other evidence suggests 
that miRNAs at the imprinted Dlk1-Dio3 cluster are also involved in 
the development of liver cancer. MiR-433 is a potent inhibitor of 

DISCUSSION
MiR-1188 is located in transcripts of Meg8, which has been identi-
fied as a maternally expressed gene in the mouse Dlk1-Dio3 im-
printed cluster. The imprinted miRNA cluster is involved in the 
pathogenesis of different diseases (Benetatos et al., 2013) and mod-
ulates important pathways such as mitogen-activated protein kinase 
(MAPK), Wnt, JAK-STAT, P53, and many more (Iliopoulos et al., 

FIGURE 4: Bcl-2 and Sp1 are direct targets of miR-1188. (A, B) Computer prediction of the binding of miR-1188 to the 
3′-UTRs of mouse Bcl-2 and Sp1. The mutated base sequences in the luciferase reporter assays are shown in red. 
(C, D) Relative luciferase activity of the indicated Bcl-2 or Sp1 reporter constructs. MiR-344 was used as a positive 
control and does not target Bcl-2/Sp1. (E, F) qRT-PCR analysis shows the relative levels of Bcl-2 and Sp1 after 
transfection of miR-1188 mimics or miR-1188 inhibitor into Hepa1-6 cells. (G) Immunoblot analysis of Bcl-2 and Sp1 
proteins in Hepa1-6 cells transfected with miR-1188 mimics or inhibitor. (H) Immunofluorescence staining showed that 
Sp1 expression was regulated by miR-1188. Overexpression of miR-1188 suppressed Sp1 expression in Hepa1-6 cells. 
DAPI staining (blue) was used to visualize nuclei; scale bars, 20 μm. Error bars represent the SE obtained from three 
independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 5: MiR-1188 mediates invasion and apoptosis by modulating Bcl-2 and Sp1 levels. (A, B) qRT-PCR analysis 
showed the relative levels of Bcl-2 and Sp1 in Hepa1-6 cells transfected with NC or siRNA, respectively. 
(C, D) Immunoblot analysis of Bcl-2 and Sp1 in Hepa1-6 cells transfected with siRNA. (E) Representative growth curves 
corresponding to Hepa1-6 cells transfected with NC or si-Sp1-588. (F) Migration and invasion of Hepa1-6 cells 
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The present study reports, for the first time, the functional effect 
of miR-1188 as a novel tumor suppressor in hepatoma cells. MiR-
1188 was expressed at a low level in hepatoma cells compared with 
normal liver tissue, which suggested that down-regulation of the 
expression level of miR-1188 was correlated with cancer progres-
sion. Overexpression of miR-1188 in hepatoma cell lines reduced 
cell viability and invasion ability, promoted apoptosis, and sup-
pressed tumorigenicity, suggesting a tumor suppressor activity. 
Therefore, miR-1188 might serve an important function in apoptosis 

HCC cell migration through its action on CREB1 (Yang et al., 2013a). 
MiR-127 can result in the formation of hepatocellular carcinoma by 
decreasing apoptosis rates (Tryndyak et al., 2009). MiR-370, which is 
also located among the Meg8 transcripts, can inhibit the growth 
and metastasis of HCC cells in vivo (Xu et al., 2013). In our study, 
miR-1188 could regulate cell proliferation, apoptosis, migration, 
and invasion and suppress tumor growth by directly targeting Bcl-2 
and Sp1 in hepatoma cells, suggesting that miR-1188 may also par-
ticipate in the development of liver cancer.

transfected with NC or si-Sp1-588. (G) Annexin V–FITC/PI staining of cells cotransfected with NC or miR-1188 inhibitor 
and/or si-Bcl-2 for 20 h. (H, I) Immunoblot analysis showed that the levels of Bcl-2 and Sp1 were changed in 
Hepa1-6 cells transfected with miR-1188 mimics, miR-1188 inhibitor, si-Bcl-2, or si-Sp1. More significantly, miR-1188 
inhibitor rescued the level of Bcl-2 or Sp1 in cells cotransfected with inhibitor and siRNAs compared with cells 
transfected with siRNA alone. Error bars represent the SE obtained from three independent experiments; *p < 0.05, 
**p < 0.01, ***p < 0.001.

FIGURE 6: MiR-1188 inhibited hepatoma tumor growth in vivo. (A) Hepa1-6 cells were injected subcutaneously into the 
left and right flanks of nude mice and the transplanted tumors harvested (n = 5). (B, C) The weight and volume of the 
harvested transplanted tumors. (D) The expression of miR-1188 in the tumors as found by qRT-PCR. (E) The expression of 
Bax, Bcl-2, and Sp1 in the tumors as revealed by immunoblot. (F) Inverse correlation between miR-1188 and Sp1 or Bcl-2 
protein level in the tumors. Statistical analysis was performed using Pearson’s R, and R and P values are as shown. 
(G) Immunohistochemistry showed the Sp1 expression (viewed by confocal microscopy). DAPI staining (blue) was used to 
visualize nuclei; Scale bars, 20 μm. (H) Schematic diagram showing the signaling network in which miR-1188 is involved. 
Error bars represent the SE obtained from three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001.
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enhanced miR-1188 decreased the expression of CCND1 (unpub-
lished data), which suggested that Rprd1b might be a putative 
miR-1188 target. Certainly, genes up-regulated by enhanced miR-
1188, such as CD44, Dapk1, and Apaf1, have a tumor suppressor 
function (Haraguchi et al., 2000; Lee et al., 2005; Williams et al., 
2013). In addition, Bcl-2 suppressed Apaf1-independent cell death 
(Haraguchi et al., 2000). The correlation between miR-1188 and 
these genes during the course of hepatocellular carcinoma needs 
to be addressed in further studies.

In summary, this work investigated the potential role of miR-1188 
in tumorigenesis and its underlying mechanisms. The data suggest 
that down-regulation of miR-1188 might play an important role in 
the development of liver cancer and that miR-1188 might be used 
as a prognostic marker and therapeutic target for hepatocellular 
carcinoma.

MATERIALS AND METHODS
Cell line and cell culture
Mouse HCC cell line Hepa1-6 was provided by the Institute of 
Biochemistry and Cell Biology of the Chinese Academy of 
Science (Shanghai, China) and originated from the American Type 
Culture Collection (Manassas, VA). Cells were cultured in DMEM 
with 10% fetal bovine serum and 2 mM l-glutamine (Corning, 
Corning, NY). The cell line was incubated at 37°C under a 5% 
CO2 atmosphere.

RNA isolation and qRT-PCR
Total RNAs were isolated from mouse liver tissues and Hepa1-6 cell 
lines using TRIzol reagent (Invitrogen, Carlsbad, CA) and a mirVana 
miRNA Isolation Kit (Applied Biosystems, Foster City, CA). The ex-
pression of miR-1188 was analyzed by TaqMan miRNA assays ac-
cording to the manufacturer’s protocols (Applied Biosystems) using 
RNU6B as an endogenous control. The mRNA expression of 
Bcl-2/Sp1 was analyzed by SYBR qPCR assays (Applied Biosystems) 
using β-actin as an endogenous control. The comparative threshold 
cycle (C T) method was used to quantify the target genes relative to 
the endogenous control. Primers used for PCR are listed in Supple-
mental Table S1.

MiRNA and siRNA transfections
All miRNAs and siRNAs, including negative controls (scrambled 
RNAs), were chemically synthesized by GenePharma (Shanghai, 
China) and transfected into Hepa1-6 cells at a final concentration of 
25, 50, or 100 nM with Lipofectamine 2000 (Invitrogen). Sequences 
are listed in Supplemental Table S2.

MTT and colony formation assays
Hepa1-6 cells at 24 h posttransfection were seeded at 2 × 103 cells/
well in 96-well plates and the procedure was repeated after 24, 48, 
72, and 96 h. Ten microliters of MTT was added to 100 μl of culture 
medium/well. After 4 h of incubation at 37°C, the medium was re-
moved and 150 μl of dimethyl sulfoxide was added. The absorbance 
was measured at a wavelength of 490 nm in a plate reader (Bio-Rad, 
Hercules, CA). Soft agar colony formation was performed as 
described previously and measured after 10 d (Stephenson et al., 
1971). Each assay was performed in triplicate.

Wound-healing, cell migration, and invasion assays
Confluent monolayer cells were scratched with a 200-μl pipette tip 
and then washed with phosphate-buffered saline (PBS) to clear cell 
debris. Fresh serum-free medium was added, and the cells were 
allowed to close the wound for 24 h.

and invasion pathways. Furthermore, we characterized Bcl-2 and 
Sp1 as functional targets of miR-1188 and proved their involvement 
(Figure 6H), thereby indicating a fundamental role of miR-1188 in 
tumorigenesis and suggesting the potential application of miR-1188 
in prognosis prediction and cancer therapy.

Most cases of HCC arise in cirrhotic livers with persistent in-
flammation. Further understanding of the mechanistic link be-
tween inflammation and HCC would help to identify potential 
therapeutic targets for HCC. Sp1 is a key transcriptional regulator 
that exerts a variety of biological functions. Elevated expression of 
Sp1 has been observed in HCC (Lietard et al., 1997; Yang et al., 
2001; Fang et al., 2007). Of interest, Sp1 could regulate miR-365, 
which is involved in the NF-κB pathway (Xu et al., 2011b), whereas 
NF-κB has been shown to play a major role in lipopolysaccharide-
induced expression of interleukin-6 and other inflammatory cytok-
ines (Luedde and Schwabe, 2011). In our study, knockdown of Sp1 
expression decreased cell proliferation, migration, and invasion, 
the same as observed with increased levels of the miR-1188. More 
significantly, the relationship between miR-1188 and Sp1 was 
identified by Western blot of cells cotransfected with mimics or 
inhibitor and siRNAs. In the inhibitor groups, even if there was an 
Sp1 interference fragment, miR-1188 knockdown still rescued the 
expression of Sp1. Moreover, we analyzed the negative correla-
tion of the expression levels of miR-1188 and Sp1 in vivo. Collec-
tively our data suggest that in HCC, miR-1188 mediates invasion 
by the modulation of Sp1 levels. Thus miR-1188 might be linked 
with inflammatory pathways by targeting Sp1 as well as other 
pathways in liver cells.

Next we found that enhanced miR-1188 could dramatically in-
duce apoptosis of hepatoma cells. Previous studies showed that 
proteins in the Bcl-2 family are central regulators of programmed 
cell death (Lessene et al., 2008), and p53 acts as a tumor suppressor 
in many tumor types. First, we detected the expression of Bcl2, Bax, 
and p53. Of interest, enhanced miR-1188 decreased Bcl-2 protein 
levels and increased Bax and p53 protein levels. By using a bioinfor-
matic analysis, we confirmed that Bcl-2 was a target of miR-1188. 
Furthermore, suppression of Bcl-2 by siRNA promoted apoptosis, 
and miR-1188 inhibitor led to reduced apoptosis, whereas miR-1188 
inhibitor rescued apoptosis caused by suppression of Bcl-2 in cells 
cotransfected with inhibitor and siRNA. Moreover, the relationship 
between miR-1188 and Bcl-2 was also identified by Western blot in 
cells cotransfected with mimics or inhibitor and siRNAs. This con-
firmed that miR-1188 indirectly targeted Bcl-2 and was involved in 
hepatoma cell apoptosis. The mechanism by which miR-1188 regu-
lates p53 in hepatocellular carcinoma needs to be addressed in 
further studies. We speculate that p53 is involved in another apop-
tosis pathway that causes miR-1188 to induce hepatoma cell apop-
tosis (Figure 6H).

Although we found that Bcl-2 and Sp1 are involved in miR-
1188–mediated hepatocellular carcinoma progression, Bcl-2 or 
Sp1 knockdown did not completely abolish the effects of miR-1188 
knockdown, suggesting that other genes regulated by miR-1188 
may contribute to inhibition of apoptosis and invasion by miR-
1188. Therefore we further determined the expression profile of 
miR-1188–regulated genes. Many tumorigenesis-related genes in-
volved in apoptosis and invasion were induced at enhanced levels 
in cells with elevated miR-1188, including Vegfa, Fgfr1, and Rprd1b. 
They are all proto-oncogenes involved in cell proliferation, migra-
tion, and apoptosis (Wang et al., 2013; Zhou et al., 2013). Rprd1b 
was shown to enhance the transcription of CCND1 and promote 
the transcriptional activity of the β-catenin–TCF4 complex in re-
sponse to Wnt signaling (Zhang et al., 2014). In the present study, 
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diluted 1:2500 in 3% bovine serum albumin (BSA)/PBS. After wash-
ing with PBS and incubation at 37°C for 2 h with anti-FITC antibod-
ies diluted 1:1000 in 1% BSA/PBS, the slides were incubated with 
4′,6-diamidino-2-phenylindole (DAPI; Invitrogen) and examined us-
ing a fluorescence microscope (Olympus).

Immunohistochemistry and in situ hybridization
Tissues were fixed in 4% PFA and embedded in paraffin blocks. Sec-
tions (3 μm) were used for examination. Sp1 expression was de-
tected following the protocol described in Immunofluorescence. In 
situ hybridization was performed using methods described previ-
ously (Huang et al., 2013). MiR-1188 LAN probes (Exiqon; http://
Exiqon.com) were labeled with a DIG-3′-end labeling kit (Roche, 
Mannheim, Germany) according to the manufacturer’s instructions. 
An antisense LNA probe for miR-1188, with sequence TGGTGT-
GAGGTTGGGCCAGGA, was purchased from Exiqon. Sense probes 
were used as negative controls for all experiments. The signal was 
detected by incubation with anti-FITC antibodies (1:1000; Invitro-
gen). Nuclei were stained with DAPI. The images were recorded 
with a confocal microscope (Zeiss, Jena, Germany).

In vivo assay
Six-week-old female BALB/C athymic mice were used for examining 
tumorigenicity. Cells (5 × 106) at 48 h posttransfection were resus-
pended in 100 μl of PBS and implanted into the left and right flanks 
by subcutaneous injection. The volume of the tumor developed was 
measured with a caliper every 4 d for 18 d, and the tumor volume 
was calculated according to volume = (length × width2)/2. All animal 
procedures were performed according to protocols approved by 
the Rules for Animal Experiments published by the Chinese Govern-
ment (Beijing, China).

Microarray analysis
Total RNA was extracted from Hepa1-6 cells transfected with miR-
1188 mimics and stable negative control using TRIzol. Microarray 
analysis was performed by Genergy Bio (JingNeng, Shanghai, 
China). The DAVID Bioinformatics Resources database was used to 
perform gene function enrichment analysis.

Statistical analysis
Data are presented as the mean ± SEM of at least three indepen-
dent experiments. Two-tailed Student’s t test and one-way analysis 
of variance were used to analyze significant differences. We per-
formed Spearman’s correlation analysis between miRNAs and their 
corresponding targets. p < 0.05, p < 0.01, and p < 0.001 were con-
sidered statistically significant.

Cells (3 × 104) with the indicated transfections were plated on the 
top side of Transwell chambers (Corning) coated with or without 
Matrigel (BD Biosciences, San Diego, CA). After incubation for 48 h, 
cells were removed from the upper chamber with cotton swabs 
while the lower surface cells were fixed with 4% paraformaldehyde 
(PFA) at room temperature for 30 min and stained with 0.1% crystal 
violet for 20 min. Five independent fields were counted under the 
microscope (BX51; Olympus, Tokyo, Japan). Each assay was per-
formed in triplicate.

Caspase-3 activity assay
The activity of caspase-3 was determined using a caspase-3 activity 
kit (Beyotime, Beijing, China) according to the manufacturer’s in-
structions. Cell lysates at 24 or 48 h posttransfection were assessed 
in 96-well microtiter plates by incubating 10 μl of protein of cell ly-
sate/sample in 80 μl of reaction buffer containing 10 μl of caspase-3 
substrate (Ac-DEVD-pNA). Lysates were incubated at 37°C for 4 h, 
and then the samples were measured at a wavelength of 405 nm in 
a plate reader (Bio-Rad). Each assay was performed in triplicate.

Flow cytometric assay
Hepa1-6 cells at 20 h posttransfection were washed twice with cold 
PBS and then resuspended. Cells were suspended in 1× binding buf-
fer (BD Biosciences) at a concentration of 1 × 106 cells/ml. Then 100 
μl of the solution (1 × 105 cells) was transferred to a 5-ml culture tube; 
5 μl of fluorescein isothiocyanate (FITC)–Annexin V and 5 μl of pro-
pidium iodide (PI) were added, and the mixture was incubated for 15 
min at room temperature in the dark. Finally, 400 μl of 1× binding 
buffer was added to the tube, and the samples were analyzed by 
flow cytometry (FACSCantoII; BD Biosciences). The data were ana-
lyzed using FlowJo software. Each assay was performed in triplicate.

Plasmid construction and luciferase reporter assays
Wild-type and mutant 3′-UTRs were amplified from mouse cDNA 
using the primers listed in Supplemental Table S1. Mutations in 
miRNA target sites were generated using the KOD-Plus-Mutagene-
sis Kit (Toyobo, Japan). Target fragments were cloned into the pMIR-
REPORT luciferase vector (Ambion, Austin, TX), to produce pMIR-
Bcl-2/Sp1-3′UTR-WT and pMIR-Bcl-2/Sp1-3′UTR-mut. Hepa1-6 cells 
were seeded into 24-well plates and cotransfected with 0.5 μg of 
the appropriate pMIR-REPORT luciferase vector, 0.05 μg of pRL-TK 
Renilla luciferase vector, and 100 nM miR-1188 mimics or stable 
negative control, using Lipofectamine 2000. After 48 h of transfec-
tion, luciferase activity was measured using the dual luciferase 
reporter assay system (Promega, Madison, WI). Each assay was 
performed in triplicate.

Western blot analysis
Cells in six-well plates at 48 h posttransfection were lysed with RIPA 
buffer. A total of 20–40 μg of whole protein was run on 7.5% SDS–
PAGE and transferred onto polyvinylidene fluoride membrane. The 
membrane was blocked and then incubated with primary antibodies 
overnight at 4°C. In this study, we used antibodies including Bcl-2, 
Bax, P53, β-actin (Cell Signaling Technology, Beverly, MA), and Sp1 
(Abcam, Cambridge, United Kingdom). Quantitative western blot 
was performed using an Odyssey infrared imaging system (LI-COR, 
Lincoln, NE).

Immunofluorescence
Hepa1-6 cells were cultured on 24-well chamber slides and fixed 
with 4% PFA for 30 min. The slides were washed in PBS three times 
and incubated at 4°C overnight with antibody against Sp1 or F-actin 
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