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ABSTRACT
Persistent activation of Wnt/β-catenin signaling plays crucial roles in the 

development of human cancers, including hepatocellular carcinoma (HCC). Here, 
we performed a MicroRNA-based genetic screen, which revealed a novel diversion 
in β-catenin signaling triggered by MicroRNA-153 (miR-153). Overexpression of 
miR-153 was able to promote β-catenin transcriptional activity, leading to cell-cycle 
progression, proliferation and colony formation of HCC cells. Additionally, systemic 
administration of miR-153 antigomir suppressed hepatocellular carcinogenesis in a 
murine liver cancer model. At the molecular level, we found that miR-153 inhibited 
protein level of WWOX, a tumor suppressor and inhibitor of β-catenin signaling, through 
targeting its 3’-untranslated region. Therefore, our study highlights the importance of 
MicroRNA-153/WWOX/β-catenin regulatory axis in the HCC tumorigenesis.

INTRODUCTION

Hepatocellular carcinoma (HCC), the major type of 
liver cancers, has become one of the most common causes 
of cancer mortality worldwide [1, 2]. Previous studies 
have found that multiple oncogenes or tumor suppressors, 
such as NF-κB, FoxO1 and PTEN, are involved in the 
HCC initiation and (or) progression [3–5]. However, the 
molecular mechanisms underlying the pathogenesis of 
HCC remain to be defined.

The inappropriate and persistent activation of 
Wnt/β-catenin signaling pathway plays a key role in the 
proliferation and cell-cycle progression of HCC [6]. The 
accumulation of nuclear β-catenin and the up-regulated 
transcriptional activity of the β-catenin were observed in 
HCC tissues and cell lines [7]. Moreover, a recent study 
demonstrated that Wnt/β-catenin pathway activation is 
sufficient for malignant transformation of liver progenitor 
cells [8], suggesting that small-molecule inhibitor or 
antagonist of Wnt signaling may have strong implications 
for HCC treatment [9].

It has been shown that transcriptional activity or 
protein stability of β-catenin is tightly regulated by several 
tumor suppressors, including adenomatous polyposis coli 

(APC), WTX, PTEN and Menin [10–13]. Interestingly, 
recent studies suggest that β-catenin-mediated tran-
scription could be regulated by MicroRNAs [14], a class 
of single-stranded non-coding RNA molecules [15], 
which shed light on the precise regulation of Wnt/β-
catenin signaling in tumorigenesis. In the present study, 
we performed a MicroRNA-based genetic screen, which 
revealed a novel diversion in β-catenin signaling triggered 
by miR-153 in HCC development. Our results further 
indicate that miR-153-medicated activation of β-catenin 
may play an important role in the HCC progression.

RESULTS

MicroRNA-153 promotes β-catenin signaling in 
HCC cells

Given the critical roles of β-catenin signaling in the 
stimulation of HCC cell proliferation [5–7], we performed 
a microRNA-based genetic screen to examine whether 
certain miRNAs could regulate β-catenin activity using 
the TopFlash reporter system in HepG2 cells. As a result, 
transfection of miR-200a and miR-135a mimics could 
inhibit the reporter activity (Data not shown), which is 
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consistent with previous reports [16, 17]. Notably, we 
found that overexpression of miR-153 mimics resulted 
in a substantial increase of reporter activity (Figure 1A), 
which was accompanied by the up-regulation of Cyclin A, 
Cyclin D1, Cyclin E and C-myc, as well as the reduction 
of p21, leading to an increased cell cycle progression, cell 
proliferation and colony formation (Figure 1B–1F). In 
agreement, inhibition of miR-153 by its antisense oligos 
led to a suppression of β-catenin activity (Figure 2A). The 
expression levels of Cyclin A, Cyclin D1, Cyclin E, C-myc 
and p21 were also affected by miR-153 antisense (Figure 
2B–2C), accompanied with a reduction of cell growth 
and colony formation (Figure 2D–2F). Therefore, our 
observations suggest a novel mechanism for MicroRNA-
induced cell-cycle progression triggered through the 
promotion of β-catenin-mediated transcription.

MicroRNA-153 regulates β-catenin activation 
through suppression of WWOX

Next, we examined the mechanisms underlying 
the inhibitory effect of miR-153 on β-catenin-dependent 
gene transcription. To this end, bioinformatics software 
(TargetScan) was employed to identify potential target 
genes for miR-153. Among which, we found that 
WWOX, harbored a potential miR-153 binding site in its 
3’-untranslated region (3’-UTR) (Figure 3A). Transfection 
of miR-153 mimics resulted in a reduced WWOX protein 
expression (Figure 3B and Supplementary Figure 1A). 
In agreement, a dramatic up-regulation of WWOX was 
observed in cells with miR-153 inhibition (Figure 3C 

and Supplementary Figure 1B). It has been shown that 
enforced WWOX expression inhibited, and suppression 
of endogenous WWOX expression stimulated the 
transcriptional activity of β-catenin, by preventing the 
nuclear import of the Dishevelled-2 (Dvl-2) protein [18]. 
In agreement, we found that overexpression of miR-
153 mimics promoted, while its antisense inhibited the 
nuclear localization of Dvl-2 protein (Supplementary 
Figure 2A–2B).

To understand how miR-153 regulates WWOX 
expression, the luciferase reporter plasmids containing 
the 3’-UTR of WWOX was co-transfected with miR-
153 mimics or antisense. As shown in Figure 3D, miR-
300 mimics or antisense led to a reduction or increase 
of luciferase activity. Furthermore, mutagenesis of 
the seed sequence abolished the effects of miR-153 
mimics or antisense on WWOX activity (Figure 3D). To 
further verify the functional connection between miR-
153 and WWOX, HepG2 cells were transfected with 
adenovirus containing WWOX or GFP as a negative 
control (Supplementary Figure 3A). As a result, WWOX 
overexpression reversed the oncogenic roles of miR-153 
(Supplementary Figure 3B–3C), underlining the specific 
importance of the WWOX for miR-153 action in the cell 
proliferation.

MicroRNA-153 promotes HCC growth in vivo

To further demonstrate its function, we tested if 
forced expression of miR-153 promotes the ability of 
HepG2 cells to form xenograft tumors in nude mice. 

Figure 1: MicroRNA-153 mimics promotes β-catenin signaling in HCC cells. (A) HepG2 cells transiently transfected with the 
TopFlash–FopFlash and the indicated MicroRNAs for 36 hr. Luciferase values were measured using the Dual-Luciferase Reporter Assay 
System and renilla luciferase gene was used to normalize the transfection efficiency. (B–C) Relative mRNA (B) and protein (C) levels 
of Cyclin A, Cyclin D1, Cyclin E, c-myc and p21 were determined in HepG2 cells transfected with miR-153 mimics (MM) or negative 
controls (NC) for 24 or 48 hr, respectively. (D) Cell-cycle analysis of HepG2 cells transfected with NC or miR-153 mimics. Cells were 
stained with propidium iodide and analyzed by flow cytometry. (E–F) Cell proliferation (E) and colony formation (F) assays by transfection 
of NC or miR-153 mimics.
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We injected approximately 5 × 106 stable HepG2 cells 
subcutaneously into two bilateral sites on the lower back 
of 5 weeks old BALB/c nude mice. The tumors were 
measured weekly for 4 consecutive weeks, and each tumor 
was individually weighed after the mice were euthanized. 
As a result, the tumor volume and weight were markedly 
increased in miR-153-overexpressed tumors compared to 
control tumors (Figure 4A–4B). In addition, we observed 

a reduced protein levels of WWOX and p21, an increased 
expression of Cyclin D1 by miR-153 overexpression 
(Figure 4C), suggesting that miR-153 could also promote 
tumor growth in vivo.

Next, we asked whether miR-153 inhibition has 
therapeutic and preventive effects for HCC using a murine 
liver cancer model. It is well-known that diethylnitrosamine 
(DEN)-treated mice developed tumors spontaneously [19]. 

Figure 3: MicroRNA-153 regulates WWOX expression. (A) Computer prediction of miR-163 binding sites in the 3’-UTRs 
of human WWOX genes. Potential binding sites were highlighted in bold. (B–C) Western blot analysis of WWOX expression in HepG2 
cells transfected with miR-153 mimics (B), antisense (C) or negative control (NC). (D) Luciferase reporter assays in HepG2 cells. Cells 
were transfected with 100 ng of wild-type 3’-UTR-reporter or mutant constructs together with miR-153 mimics, antisenseor negative 
control (NC).

Figure 2: MicroRNA-153 antisense inhibits β-catenin signaling. (A) HepG2 cells transiently transfected with the TopFlash–
FopFlash and miR-153 antisense (AS) or NC for 36 hr. (B–C) Relative mRNA (B) and protein (C) levels of Cyclin A, Cyclin D1, Cyclin 
E, c-myc and p21 were determined in HepG2 cells transfected with miR-153 AS or negative controls (NC) for 24 or 48 hr, respectively. 
(D) Cell-cycle analysis of HepG2 cells transfected with NC or miR-153 AS. (E–F) Cell proliferation (E) and colony formation (F) assays 
by transfection of NC or miR-153 AS.
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As shown in the Supplementary Figure 4, expression levels 
of miR-153 gradually increased in C57BL/6 mice treated 
with DEN, compared with vehicle controls. Based on this 
finding, we treated mice with systemically administration 
of miR-NC or miR-153 antagomir at week 28. On week 
35, the mice were sacrificed and the tumors were analyzed. 
As expected, inhibition of miR-153 dramatically suppressed 
HCC growth and size (Figure 5A–5B). Importantly, we 
found that systemic delivery of miR-153 antagomir up-
regulated WWOX protein levels and inhibited expression 
of Wnt signaling target genes, including c-myc and Cyclin 
D1 (Figure 5C–5D).

MicroRNA-153 correlates with poor survival of 
HCC patients

To further investigate whether the deregulated 
abundant miR-153 correlates with the survival of HCC 
patients, expression levels of miR-153 were determined 

in HCC and matched non-cancerous tissues. As expected, 
miR-153 was significantly up-regulated in HCC tissues, 
compared with adjacent normal tissues (Figure 6A). 
Kaplan-Meier analysis further revealed that low miR-
153 level in HCC tissues significantly correlated with the 
markedly reduced tumor-free survival and overall survival 
of HCC patients (Figure 6B–6C).

DISCUSSION

Previous studies have identified Wnt/β-catenin 
signaling as a direct and functional target of several 
miRNAs, such as miR-200a, miR-135a, miR-30–5p 
and miR-612 [16, 17, 20, 21]. In the present study, 
our data showed that miR-153 could be a novel and 
important regulator of β-catenin signaling in HCC. 
These are supported by multiple lines of evidence. First, 
overexpression of miR-153 promoted, while its antisense 
inhibited the transcriptional activity of β-catenin and 

Figure 4: MicroRNA-153 promotes HCC growth in the nude mice. (A–B) HepG2 cells stably transfected with miR-153 or 
negative control (NC) were injected into nude mice (n = 6–8 for each group) and followed up for tumorigenesis. Growth curve of tumor 
volumes (A) and tumor weights (B) were taken 20 days after injection. (C) Representative protein levels of WWOX, Cyclin D1 and p21 
were determined in the two groups of tumors.

Figure 5: Systematic administration of MicroRNA-153 suppresses HCC development in C57BL/6 mice. (A–B) Number 
of HCC tumors/liver (A) and tumor size (mm3) (B) in NC-, and miR-153 antigomir-treated mice. (C–D) Representative protein levels of 
WWOX, Cyclin D1 and p21 were determined in the two groups of tumors.
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expression of its down-stream target genes. Second, miR-
153 could regulate cell proliferation and tumor growth 
in vitro and in vivo. Third, miR-153 was up-regulated in 
HCC tissues and correlated with poor survival of patients. 
Therefore, our data present a novel mechanism for the 
persistent Wnt signaling activation in tumorigenesis.

At the molecular level, our luciferase reporter and 
Western blot analysis found that miR-153 could suppress 
WWOX expression through targeting its 3’-UTR region. 
It has been shown that dys-regulation of WWOX could 
contribute to genomic instability, cancer progression and 
therapy resistance [22, 23]. Indeed, WWOX heterozygous 
knockout mice exhibited a higher incidence of spontaneous 
or chemically induced tumors [24, 25]. Besides, WWOX 
expression was down-regulated in several types of 
human cancer tissues cell lines, including pancreatic 
adenocarcinoma, renal cell carcinoma, endocrine tumors 
and HCC [26, 28]. At the molecular level, WWOX was 
involved in cell-cycle progression and apoptotic process by 
interacting with the proteins that contain PPxY motifs, such 
as ErbB4, p73, and C-Jun [29–31]. Besides, Bouteille N 
et al. found that enforced WWOX expression inhibited, 
and inhibition of endogenous WWOX expression 
stimulated the transcriptional activity of the Wnt/β-catenin 
pathway, at least in part, by preventing the nuclear import 
of the Dishevelled protein [18]. Therefore, elucidating the 
signaling network to shed light upon the role of WWOX 
may help to understand the HCC biology and identify 
potential therapeutic targets.

It has been reported that miR-153 was down-regulated 
and correlated significantly with advanced clinical stage in 

ovarian cancers [32], suggesting that miR-153 might be of 
potential importance as diagnostic biomarkers. Besides, 
up-regulation of miR-153 promotes cell proliferation 
via suppression of the PTEN tumor suppressor gene in 
human prostate cancer [33]. Moreover, miR-153 supports 
colorectal cancer progression via pleiotropic effects that 
enhance invasion and chemotherapeutic resistance [34]. 
On the other hand, overexpression of miR-153 significantly 
inhibited the proliferation and migration, and promoted 
apoptosis of lung cancer cells, through suppression of AKT 
expression [35]. Therefore, miR-153 could either act as 
an onco-miRNA or a tumor suppressor in human cancers, 
which might be dependent on cellular context. However, the 
molecular determinants of miR-153 up-regulation in HCC 
tissues remain to be determined.

Taken together, in the present study, our results 
highlight the roles of miR-153 in the regulation of 
HCC. Further studies are still needed to investigate 
its biological function in tumorigenesis by modern 
technology, such as miR-153 transgenic or liver-specific 
knockout mice.

MATERIALS AND METHODS

Human tissue samples

42 parried of HCC tissues and adjacent non-tumor 
normal tissues were collected from routine therapeutic 
surgery at our department. All samples were obtained 
with informed consent and approved by the hospital 
institutional review board.

Figure 6: MicroRNA-153 correlates with poor survival of HCC patients. (A) miR-153 expression was determined by real-
time PCR in human HCC tissues and adjacent normal tissues. (B–C) Kaplan-Meier survival curves of tumor-free survival (B) and overall 
survival C) according to the ratio of miR-153 level in each HCC sample compared with its matched non-cancerous control, the median 
value of this ratio in each cohort was chosen as the cutoff point.
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Cell culture

HCC cell lines (HepG2 and HuH7 cells) were 
obtained from The Cell Bank of Type Culture Collection 
of Chinese Academy of Sciences (CAS, Shanghai). Cells 
were grown in Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco, Shanghai) supplemented with 10% 
fetal bovine serum (Gibco) and maintained at 37°C in a 
humidified atmosphere with 5% CO2.

Mouse experiments

Male BALB/c nude mice aged 4 weeks were 
purchased from Shanghai Laboratory Animal Company 
(SLAC, Shanghai). 5.0 × 106 HepG2 cells stably 
expressing miR-153 or negative control (miR-NC) were 
injected subcutaneously to the skin under the front legs 
of the mouse. The mice were observed over 20 days for 
tumor formation. After the mice were sacrificed, the 
tumors were recovered and the wet weights of each tumor 
were determined.

To induce hepatocellular carcinogenesis in C57BL/6 
mice, mice were injected intraperitoneally with 25 mg/kg 
of diethylnitrosamine (DEN) (Sigma-aldrich) at 21 days of 
age. Mice were systemically administrated with miR-NC 
or miR-153 antagomir at week 28. On week 35, the mice 
were sacrificed and the tumors were analyzed.

MicroRNA real-time PCR analysis

Total RNA from tissues and cells was extracted 
using the miRNA Isolation Kit (Ambion, USA) according 
to the manufacturer’s instructions. Expression of mature 
miRNAs was assayed using Taqman MicroRNA Assay 
(Applied Biosystems, USA). Quantitative real-time PCR 
was performed by using an Applied Biosystems 7300 
Real-time PCR System and a TaqMan Universal PCR 
Master Mix. Expression of the miRNAs was normalized 
to that of the U6 snRNA.

Western blot

Cells were harvested and lysed with ice-cold 
lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM 
2-Mercaptoethanol, 2% w/v SDS, 10% glycerol). After 
centrifugation at 10000 × g for 10 min at 4°C, proteins 
in the supernatants were quantified and separated by 10% 
SDS PAGE. Western blot assay was performed using anti-
WWOX, β-Catenin, Cyclin A, Cyclin D1, Cyclin E, c-myc 
and p21 antibodies (Abcam, USA). Protein levels were 
normalized to total GAPDH, using a rabbit anti-GAPDH 
antibody (Santa Cruz, USA).

Transfection and luciferase reporter assay

miR-153 mimics and antisense were purchased from 
Ambion Company (Invitrogen, USA). The 3’-untranslated 

region of human WWOX gene was cloned into pMir-
Report plasmid (Ambion), yielding pMir-Report-WWOX. 
Mutations were introduced in potential miR-153 binding 
sites using the QuikChange site-directed mutagenesis 
Kit (Stratagene, USA). Transfection was performed 
with Lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s recommendations. The pRL-TK vector 
(Promega, USA) carrying the Renilla luciferase gene was 
used to normalize the transfection efficiency. Luciferase 
values were measured using the Dual-Luciferase Reporter 
Assay System (Promega).

BrdU incorporation

A cell proliferation enzyme-linked immunosorbent 
assay (BrdU kit; Beyotime) was used to analyze the 
incorporation of BrdU during DNA synthesis following 
the manufacturer’s protocols. Absorbance was measured at 
450 nm in the Spectra Max 190 ELISA reader (Molecular 
Devices, Sunnyvale, CA).

Flow cytometry analysis

Cells were trypsinized and fixed in 70% ethanol at 
−20°C overnight. Cells were then resuspended in PBS 
containing 40 μg/ml propidium iodide and 100 μg/ml  
RNase A. After incubation for 1 h at 37°C, cells were char-
ac terized and cell cycle distribution was determined by 
fluorescence activated cell sorting (FACS). For each sample, 
10000 cells were analyzed. Data was acquired using a BD 
LSRII apparatus and analyzed using the FlowJo software.

Colony formation assay

Cells were seeded in a 6-well plate 48 hours 
posttransduction and cultured for 8 to 10 days at 37°C 
in 5% CO2. Cells were fixed with 4% paraformaldehyde 
in phosphate-buffered saline (PBS), washed twice with 
PBS, and stained with a crystal violet solution (1% 
crystal violet, 10% ethanol in water). Stained cells were 
washed thrice with water and counted by under an optical 
microscope.

Statistical analysis

The data shown represent the mean ± standard 
error (SE) values of three independent experiments. 
Significance was analyzed using Student’s t-test 
(*p < 0.05, **p < 0.01, ***p < 0.001).

ACkNOWLedgMeNTS

The authors are grateful to College of Medicine, 
Hubei Polytechnic University, for the technical support. 
This work was supported by Medical Guide Project of 
Shanghai Municipal Science and Technology Commission 
(12411960600), Key Project of Shanghai Municipal 



Oncotarget3846www.impactjournals.com/oncotarget

Health Bureau (ZK2012A06) and The New Hundred 
Talents program of Shanghai Municipal Health Bureau 
(XBR2013089) to Gang Ding. This work was partly 
supported by the Fund of Chongming Science and 
Techology Commission (CKY2013-02) and Xinhua Medical 
Service Group Foundation (13XJ22018) to Feng Jiang.

Conflicts of interests

The authors declared no conflict of interest.

REFERENCES

1. El-Serag HB, Rudolph KL. Hepatocellular carcinoma: epi-
demiology and molecular carcinogenesis. Gastroenterology. 
2007; 132:2557–2576.

2. Worns MA, Galle PR. HCC therapies—lessons learned. 
Nature reviews Gastroenterology & hepatology. 2014; 
11:447–452.

3. Luedde T, Schwabe RF. NF-kappaB in the liver—linking 
injury, fibrosis and hepatocellular carcinoma. Nature 
reviews Gastroenterology & hepatology. 2011; 8:108–118.

4. Calvisi DF, Ladu S, Pinna F, Frau M, Tomasi ML, Sini M, 
Simile MM, Bonelli P, Muroni MR, Seddaiu MA, Lim DS, 
Feo F, Pascale RM. SKP2 and CKS1 promote degrada-
tion of cell cycle regulators and are associated with hepa-
tocellular carcinoma prognosis. Gastroenterology. 2009; 
137:1816–1826. e1811–1810.

5. Peyrou M, Bourgoin L, Foti M. PTEN in non-alcoholic 
fatty liver disease/non-alcoholic steatohepatitis and cancer. 
Digestive diseases (Basel, Switzerland). 2010; 28:236–246.

6. Nejak-Bowen KN, Monga SP. Beta-catenin signaling, liver 
regeneration and hepatocellular cancer: sorting the good 
from the bad. Seminars in cancer biology. 2011; 21:44–58.

7. Whittaker S, Marais R, Zhu AX. The role of signaling path-
ways in the development and treatment of hepatocellular 
carcinoma. Oncogene. 2010; 29:4989–5005.

8. Mokkapati S, Niopek K, Huang L, Cunniff KJ, 
Ruteshouser EC, deCaestecker M, Finegold MJ, Huff V. 
beta-Catenin Activation in a Novel Liver Progenitor Cell 
Type Is Sufficient to Cause Hepatocellular Carcinoma and 
Hepatoblastoma. Cancer research. 2014; 74:4515–4525.

9. Dahmani R, Just PA, Perret C. The Wnt/beta-catenin 
 pathway as a therapeutic target in human hepatocellular 
carcinoma. Clinics and research in hepatology and gastro-
enterology. 2011; 35:709–713.

10. Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, 
Vogelstein B, Kinzler KW. Activation of beta-catenin-Tcf 
signaling in colon cancer by mutations in beta-catenin or 
APC. Science. 1997; 275:1787–1790.

11. Major MB, Camp ND, Berndt JD, Yi X, Goldenberg SJ, 
Hubbert C, Biechele TL, Gingras AC, Zheng N, Maccoss 
MJ, Angers S, Moon RT. Wilms tumor suppressor WTX 
negatively regulates WNT/beta-catenin signaling. Science. 
2007; 316:1043–1046.

12. Persad S, Troussard AA, McPhee TR, Mulholland DJ, 
Dedhar S. Tumor suppressor PTEN inhibits nuclear accu-
mulation of beta-catenin and T cell/lymphoid enhancer 
factor 1-mediated transcriptional activation. J Cell Biol. 
2001; 153:1161–1174.

13. Cao Y, Liu R, Jiang X, Lu J, Jiang J, Zhang C, Li X, 
Ning G. Nuclear-cytoplasmic shuttling of menin regulates 
nuclear translocation of {beta}-catenin. Mol Cell Biol. 
2009; 29:5477–5487.

14. Huang K, Zhang JX, Han L, You YP, Jiang T, Pu PY, 
Kang CS. MicroRNA roles in beta-catenin pathway. Mol 
Cancer. 2010; 9:252.

15. Li Z, Rana TM. Therapeutic targeting of microRNAs: cur-
rent status and future challenges. Nature reviews Drug dis-
covery. 2014; 13:622–638.

16. Liu J, Ruan B, You N, Huang Q, Liu W, Dang Z, Xu W, 
Zhou T, Ji R, Cao Y, Li X, Wang D, Tao K, Dou K. 
Downregulation of miR-200a induces EMT phenotypes 
and CSC-like signatures through targeting the beta-catenin 
pathway in hepatic oval cells. PloS one. 2013; 8:e79409.

17. Nagel R, le Sage C, Diosdado B, van der Waal M, Oude 
Vrielink JA, Bolijn A, Meijer GA, Agami R. Regulation of 
the adenomatous polyposis coli gene by the miR-135 family 
in colorectal cancer. Cancer research. 2008; 68:5795–5802.

18. Bouteille N, Driouch K, Hage PE, Sin S, Formstecher E, 
Camonis J, Lidereau R, Lallem F. Inhibition of the 
Wnt/beta-catenin pathway by the WWOX tumor suppres-
sor protein. Oncogene. 2009; 28:2569–2580.

19. Heindryckx F, Colle I, Van Vlierberghe H. Experimental 
mouse models for hepatocellular carcinoma research. 
International journal of experimental pathology. 2009; 
90:367–386.

20. Zhao JJ, Lin J, Zhu D, Wang X, Brooks D, Chen M, 
Chu ZB, Takada K, Ciccarelli B, Admin S, Tao J, Tai YT, 
Treon S, Pinkus G, Kuo WP, Hideshima T, et al. miR-30–5p 
functions as a tumor suppressor and novel therapeutic tool 
by targeting the oncogenic Wnt/beta-catenin/BCL9 path-
way. Cancer research. 2014; 74:1801–1813.

21. Tang J, Tao ZH, Wen D, Wan JL, Liu DL, Zhang S, Cui JF, 
Sun HC, Wang L, Zhou J, Fan J, Wu WZ. MiR-612 sup-
presses the stemness of liver cancer via Wnt/beta-catenin 
signaling. Biochemical and biophysical research communi-
cations. 2014; 447:210–215.

22. Aldaz CM, Ferguson BW, Abba MC. WWOX at the cross-
roads of cancer, metabolic syndrome related traits and 
CNS pathologies. Biochimica et biophysica acta. 2014; 
1846:188–200.

23. Li J, Liu J, Ren Y, Yang J, Liu P. Common Chromosomal 
Fragile Site Gene WWOX in Metabolic Disorders and 
Tumors. International journal of biological sciences. 2014; 
10:142–148.

24. Aqeilan RI, Trapasso F, Hussain S, Costinean S, Marshall D, 
Pekarsky Y, Hagan JP, Zanesi N, Kaou M, Stein GS, 
Lian JB, Croce CM. Targeted deletion of Wwox reveals 



Oncotarget3847www.impactjournals.com/oncotarget

a tumor suppressor function. Proceedings of the National 
Academy of Sciences of the United States of America. 
2007; 104:3949–3954.

25. Aqeilan RI, Hagan JP, Aqeilan HA, Pichiorri F, Fong LY, 
Croce CM. Inactivation of the Wwox gene accelerates fore-
stomach tumor progression in vivo. Cancer research. 2007; 
67:5606–5610.

26. Aderca I, Moser CD, Veerasamy M, Bani-Hani AH, 
Bonilla-Guerrero R, Ahmed K, Shire A, Cazanave SC, 
Montoya DP, Mettler TA, Burgart LJ, Nagorney DM, 
Thibodeau SN, Cunningham JM, Lai JP, Roberts LR. The 
JNK inhibitor SP600129 enhances apoptosis of HCC cells 
induced by the tumor suppressor WWOX. Journal of hepa-
tology. 2008; 49:373–383.

27. Park SW, Ludes-Meyers J, Zimonjic DB, Durkin ME, 
Popescu NC, Aldaz CM. Frequent downregulation and loss 
of WWOX gene expression in human hepatocellular carci-
noma. British journal of cancer. 2004; 91:753–759.

28. Li YP, Wu CC, Chen WT, Huang YC, Chai CY. The 
expression and significance of WWOX and beta-catenin 
in hepatocellular carcinoma. APMIS: acta pathologica, 
microbiologica, et immunologica Scandinavica. 2013; 
121:120–126.

29. Schuchardt BJ, Bhat V, Mikles DC, McDonald CB, 
Sudol M, Farooq A. Molecular origin of the binding of 
WWOX tumor suppressor to ErbB4 receptor tyrosine 
kinase. Biochemistry. 2013; 52:9223–9236.

30. Lin D, Cui Z, Kong L, Cheng F, Xu J, Lan F. p73 participates 
in WWOX-mediated apoptosis in leukemia cells. International 
journal of molecular medicine. 2013; 31:849–854.

31. Gaudio E, Palamarchuk A, Palumbo T, Trapasso F, 
Pekarsky Y, Croce CM, Aqeilan RI. Physical association 
with WWOX suppresses c-Jun transcriptional activity. 
Cancer research. 2006; 66:11585–11589.

32. Kim TH, Kim YK, Kwon Y, Heo JH, Kang H, Kim G, 
An HJ. Deregulation of miR-519a, 153, and 485–5p and its 
clinicopathological relevance in ovarian epithelial tumours. 
Histopathology. 2010; 57:734–743.

33. Wu Z, He B, He J, Mao X. Upregulation of miR-153 pro-
motes cell proliferation via downregulation of the PTEN 
tumor suppressor gene in human prostate cancer. The 
Prostate. 2013; 73:596–604.

34. Zhang L, Pickard K, Jenei V, Bullock MD, Bruce A, 
Mitter R, Kelly G, Paraskeva C, Strefford J, Primrose J, 
Thomas GJ, Packham G, Mirnezami AH. miR-153 supports 
colorectal cancer progression via pleiotropic effects that 
enhance invasion and chemotherapeutic resistance. Cancer 
research. 2013; 73:6435–6447.

35. Yuan Y, Du W, Wang Y, Xu C, Wang J, Zhang Y, Wang H, 
Ju J, Zhao L, Wang Z, Lu Y, Cai B, Pan Z. Suppression of 
AKT expression by miR-153 produced anti-tumor activity 
in lung cancer. International journal of cancer Journal inter-
national du cancer. 2014; doi: 10.1002/ijc.29103. [Epub 
ahead of print].


