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A B S T R A C T   

The long non-coding RNAs (lncRNAs) have been implicated in multiple human cancers, which may offer great 
potential as putative targets for cancer diagnosis and treatment. However, the roles of most lncRNAs in gall-
bladder cancer (GBC) remain poorly understood. The objective of this research involves investigating the clinical 
implications and underlying mechanism of lncRNA motor neuron and pancreas homeobo×1 antisense RNA 1 
(MNX1-AS1) in GBC. This study shows that MNX1-AS1 expression is elevated in the tissues of GBC patients, and 
is strongly associated with reduced patient survival. Functionally, MNX1-AS1 significantly stimulates the pro-
liferation and metastasis of GBC cells in vitro and in vivo. Mechanistically, MNX1-AS1 is transcriptionally 
activated by TEA domain family member 4 (TEAD4), and suppresses insulin-like growing factor 2 mRNA-binding 
protein 3 (IGF2BP3) degradation by recruiting ubiquitin specific peptidase 16 (USP16). Furthermore, MNX1- 
AS1/IGF2BP3 axis inhibits the Hippo signaling pathway and subsequently activates TEAD4, thereby forming a 
positive feedback loop. According to our results, MNX1-AS1 facilitates tumorigenesis, progression and metastasis 
of GBC through a MNX1-AS1/IGF2BP3/Hippo pathway positive feedback loop, which could be both diagnos-
tically and therapeutically helpful in GBC.   

1. Introduction 

Gallbladder cancer (GBC) ranks among the most prevalent and 
invasive of biliary tract malignancies [1,2]. Since the first description of 
GBC, this disease has established a characteristic pattern of late diag-
nosis, ineffective treatment and poor overall prognosis [3–5]. At present, 

the only available treatment with curative intent for early-stage GBC is 
complete surgical resection [6]. However, due to lack of typical clinical 
characteristics at early stages, patients with GBC are typically diagnosed 
at advanced stages and are only eligible for palliative therapy [7]. More 
unfortunately, even after resection, the 5-year survival rates of GBC 
patients only range from 18% to 34% [6]. Therefore, understanding the 
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molecular mechanisms of gallbladder carcinogenesis is essential to 
developing ideal diagnostic biomarkers and therapeutic targets, and 
finally to provide evidence for improving the prognosis of patients with 
GBC. 

Long non-coding RNAs (lncRNAs) have gradually gained attention in 
recent years as high-throughput technologies are developed [8]. In 
general, lncRNA is defined as a non-protein-coding RNA with a mini-
mum length of 200 nucleotides, which plays a vital role in several bio-
logical processes, including carcinogenesis and tumor progression [9, 
10]. It is noted that lncRNAs can result in dysregulation of key target 
genes through their specific interactions with DNAs, RNAs and proteins 
[11–13]. For example, lncRNAs can act as microRNAs sponges, sup-
pressing the inhibition effect of microRNAs on target mRNAs, and 
thereby enhance the translation of target genes [14,15]. Furthermore, 
evidence is mounting that lncRNAs play major roles in gene regulation 
at the epigenetic levels by interacting with RNA-binding proteins [11, 
16,17]. In short, lncRNAs have a crucial role in oncogenesis, researches 
on cancer-related lncRNAs and their underlying molecular mechanisms 
hold the promise of identifying reliable biomarkers and therapeutic 
targets for GBC. 

LncRNA motor neuron and pancreas homeobox 1 antisense RNA 1 
(MNX1-AS1) is an antisense RNA for MNX1, which has been reported to 
exert oncogenic effects through numerous mechanisms in different 
cancer types. For example, gastric cancer [18], colorectal cancer [19] 
and cholangiocarcinoma [20] have been reported. In all existing studies, 
it has been established that MNX1-AS1 is overexpressed in all tumors, 
and that it is closely related to clinicopathological characteristics, 
including tumor size, clinical stage, overall survival, etc. [21]. There-
fore, MNX1-AS1 has tremendous value and potential as a cancer 
biomarker and therapeutic target. There is, however, still a lack of in-
formation about the expression pattern, biological effect, and mecha-
nism of MNX1-AS1 in GBC. 

A comprehensive analysis of our previous microarray data revealed 
that the lncRNA MNX1-AS1 was shown to be substantially expressed in 
GBC with an association negatively related to survival. In addition, 
MNX1-AS1 acted as an oncogene that promoted GBC proliferation and 
metastasis. Mechanistically, insulin-like growing factor 2 mRNA- 
binding protein 3 (IGF2BP3) was stabilized by MNX1-AS1 via interact-
ing with ubiquitin specific peptidase 16 (USP16) to inhibit its degra-
dation. Moreover, TEA domain family member 4 (TEAD4)-mediated 
transcriptional activation of MNX1-AS1 regulated GBC progression by 
sustained suppression of the Hippo signaling pathway through forming a 
positive feedback loop. Our findings provide credible evidence that the 
MNX1-AS1/IGF2BP3/Hippo pathway regulatory circuit might offer a 
novel target for clinical intervention in GBC. 

2. Materials and methods 

2.1. Patients and tissue samples 

Cancer tissues and matched noncancerous tissues were donated 
(between 2014 and 2017) from 71 patients with GBC who did not un-
dergo chemotherapy or radiation prior to surgical resection at the 
Department of General Surgery, Xinhua Hospital (Shanghai, China). The 
samples were collected during surgery, immediately frozen in liquid 
nitrogen and then sent for histological verification. The Ethics Com-
mittee of the Xinhua Hospital (Shanghai Jiao Tong University, School of 
Medicine, No. XHEC-D-2015-008) approved this study after receiving 
written informed consent from each patient. 

2.2. Cell culture and chemicals 

NOZ cell line was provided by the Health Science Research Bank 
(Osaka, Japan). The following cells were bought from the Chinese 
Academy of Sciences Cell Bank (Shanghai, China): GBC-SD, EH-GB1, 
and SGC996. Incubation was performed at 37 ◦C, 5% CO2 with media 

containing 10% fetal bovine serum (Gbico, USA) and 1% penicillin G/ 
streptomycin. NOZ was cultured using Williams (Gbico), GBC-SD and 
EH-GB1 with DMEM (Gbico), and SGC-996 with RPMI 1640 (Gbico). In 
order to ensure that all cells were free of mycoplasma prior to use, short 
tandem repeat fingerprinting was performed. 

MedChemExpress (MCE, USA) provided the proteasome inhibitors 
MG132 (HY-13259) and PS341 (HY-10227), the autophagy inhibitor 
bafilomycin A1 (HY-100558), and cycloheximide (CHX, HY-12320). 

2.3. RNA extraction and quantitative real-time PCR (qRT-PCR) 

Clinical tissues and cell lines were utilized to extract RNA using the 
TRIzol reagent (Invitrogen, USA). Takara’s PrimeScript RT Reagent Kit 
(China) was applied to reversely transcribe RNA to cDNA. Then, using a 
Real-Time PCR instrument (Applied Biosystems, CA, USA) with SYBR 
Premix Ex TaqII (Takara), qRT-PCR was performed. By comparing Ct 
values, the relative amounts of RNA were calculated and standardized to 
GAPDH. Table S1, Supplemental information, contains the list of the 
primer sequences employed in this investigation. 

2.4. 5′ and 3′ rapid amplification of the cDNA ends (RACE) assay 

Using the GeneRacer TM kit from Invitrogen (USA), we conducted 5′

RACE and 3′-RACE assay as instructed by the manufacturer to determine 
the full-length sequence of lncRNA MNX1-AS1. A list of gene-specific 
PCR primer sequences is provided in Table S1, Supplemental 
information. 

2.5. Northern blot assay 

Northern Blot was performed in the same manner as aforementioned 
[22]. In brief, RNA samples were prepared from GBC samples and cell 
lines, electrophoresized on an agarose formaldehyde/MOPS gel fol-
lowed by Biodyne Nylon membrane (Pall, NY, USA) transfer, 
UV-crosslinked, and hybridized with digoxin-labeled probes. Finally, the 
level of RNA signal was determined. For probe sequence information, 
see Table S2, Supplemental information. 

2.6. In situ hybridization (ISH) and immunohistochemistry (IHC) 

The anti-LncRNA MNX1-AS1 oligodeoxy-nucleotide probes were 
designed and generated by RiboBio (Guangzhou, China). ISH was car-
ried out in accordance with the manufacturer’s instructions via a kit 
from Boster Bio-Engineering Company, China. The probe sequence for 
MNX1-AS1 was listed in Table S2, Supplemental information. 

IHC or hematoxylin and eosin (H&E) staining were conducted on 
GBC tissues and xenograft tumor tissues. Formalin-fixed specimens were 
embedded with paraffin and sectioned, then stained with IGF2BP3 an-
tibodies or hematoxylin-eosin according to standard protocols. Anti-
bodies are listed in Table S3, Supplemental information. 

2.7. Protein-coding potential prediction of lncRNA MNX1-AS1 

MNX1-AS1 was estimated for protein-coding potential by CPC 2.0 
(http://cpc2.gao-lab.org) and CPAT (http://lilab.research.bcm.edu). 
Controls for non-coding RNA were HOTAIR and MALAT1, while controls 
for coding RNA were TUBB and GAPDH. 

2.8. Subcellular fractionation 

Following instructions of the PARIS Kit (Life Technologies, USA), the 
nuclear and cytoplasmic RNAs of GBC cells were isolated and purified. 
Then, qRT-PCR and electrophoresis on agarose gels were carried out to 
measure the results. Nuclear endogenous control was pre-rRNA 45s, 
whereas cytoplasmic endogenous control was MT-ND1. See Table S1, 
Supplemental information for primer sequences. 
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2.9. Fluorescence in Situ hybridization (FISH) assay 

Digoxin-labeled lncRNA MNX1-AS1 probes were obtained from 
RiboBio. The FISH KIT (RiboBio, Guangzhou, China) was used as 
directed by the manufacturer to conduct the FISH assay. The probe 
sequence for lncRNA MNX1-AS1 was listed in Table S2, Supplemental 
information. 

2.10. Cell transfection 

To construct stable MNX1-AS1 knockdown or overexpression cell 
lines, recombinant lentiviruses expressing two shRNAs targeting MNX1- 
AS1 and negative control (LV-shNC) were designed and cloned into 
GV248 vector; while full-length of MNX1-AS1 based on the results of 5′

and 3’ RACE assay and negative control (LV-NC) were synthesized and 
clone into GV369 vector by Genomeditech (Shanghai, China). GBC cells 
were selected by puromycin for 2 weeks after 72 h infection with len-
tiviruses at a multiplicity of infection of 80. 

For transient transfection, IGF2BP3 siRNAs, USP16 siRNAs, TEAD4 
siRNAs and negative control siRNAs, as well as plasmids (FLAG-tagged 
full length or truncated IGF2BP3, wild-type or C205S point mutant 
USP16) were synthesized by Genomeditech. Transfection of siRNAs was 
carried out with RFect reagent (Baidai, China), while plasmids were 
transfected with ViaFect (Promega, USA) as instructed by the manu-
facturer. The siRNA and shRNA sequences used in this research are listed 
in Table S2, Supplemental information. 

2.11. Cell proliferation and plate clone formation assays 

1500 transplanted cells per well in 96-well culture plates were 
incubated with 100 μl culture media. Each group has 5 parallel wells. At 
the appropriate times, 90 μl of culture medium and 10 μl of CCK8 so-
lution (Beyotime biotechnology, China) were applied to replace media. 
After 2 h of incubation, the microplate reader was used to determine the 
absorbance at 450 nm. 

Cells (300 per well) in complete media were inoculated into 6-well 
plates for 10 days. After the colonies were fixed with formaldehyde 
(4%) and dyed with crystal violet solution (0.5%), pictures were taken. 

2.12. Migration and invasion assays 

The migratory ability and invasiveness of cells were determined 
using Transwell migration and matrigel invasion assays, as described 
earlier [11]. In brief, The chamber was positioned in a 24-well plate 
filled with 750 μl complete medium. Cells (3 × 104) were introduced to 
the top chamber with 200 μl of serum-free media and then left to 
incubate for 24 h. Cotton swabs were used to remove the leftover cells 
from the top chamber, and the bottom chamber’s cells were fixed (4% 
formaldehyde), stained (0.5% crystal violet solution), and then counted 
under a microscope. 

2.13. In vivo mouse models 

BALB/c male nude mice (aged 4 weeks, 18–22 g) were sourced from 
the Shanghai Laboratory Animal Center of the Chinese Academy of 
Sciences (Shanghai, China), and fed with autoclaved mouse chow in a 
specific pathogen-free condition. All animal studies were conducted 
with the permission from the Ethics Committee of the Xinhua Hospital 
(Shanghai Jiao Tong University, School of Medicine, No. XHEC-D-2015- 
008). 

For tumorigenesis studies, mice (5 in each group) were injected with 
1 × 106 NOZ cells (stably transfected with indicated expression vectors 
and suspended in 100 μL PBS) in the left axilla. The following formula 
was used to measure tumors every 7 days: volume = π/6 × width2 

×

length. Mice were sacrificed and tumors were harvested, weighted and 
sent for subsequent analysis after 4 weeks. 

For in vivo tumor metastasis assays, hepatic metastasis models were 
established by intrasplenic injection as previously described [11,22]. 
Briefly, 2 × 106 NOZ cells stably transfected as indicated were injected 
into the spleen followed by splenectomy. 5 weeks later, mice were 
administered luciferin solution (Promega, USA) intraperitoneally, and 
then photographed via an IVIS Lumina II imaging system. After that, 
liver tissues from the sacrificed mice were resected, photographed and 
visualized by H&E staining. 

2.14. RNA pull-down assay and mass spectrometry 

Biotin-labeled lncRNA MNX1-AS1 or its antisense probes were syn-
thesized, and RNA pull-down assay was carried out as previously re-
ported [11]. In short, RNA samples were incubated with protein extracts 
form GBC cells and streptavidin Dynabeads (Invitrogen). After that, the 
pull-down complexes were evaluated by western blotting or electro-
phoresized with SDS-PAGE gel, stained with silver, and then proceed to 
liquid chromatography-mass spectrometry. 

2.15. Western blot analysis 

We prepared protein samples and conducted Western blot as previ-
ously described [11]. In brief, after sample preparation, proteins were 
electrophoresed on SDS-PAGE gels (10%) and transferred to PVDF 
membranes in equal amounts. Blots were blocked by 5% skim milk, 
incubated with primary and secondary antibodies, and then detected 
with an enhanced chemiluminescent kit (EpiZyme, Shanghai, China). 
Information regarding the antibodies utilized in this research is detailed 
in Table S3, Supplemental information. 

2.16. RNA immunoprecipitation (RIP) assay 

RIP experiments were conducted as instructed by the Magna RIP 
RNA-Binding Protein Immunoprecipitation Kit (Millipore, USA). The 
immunoprecipitated RNAs were isolated, purified and subjected to qRT- 
PCR. Data were normalized against input and IgG controls. An overview 
of the antibodies is listed in Table S3, Supplemental information. 

2.17. Immunoprecipitation (IP) assay 

IP was carried out using indicated antibodies and IgG by the man-
ufacturer’s instruction. In brief, cell lysates were added with Protein A 
+ G Agarose (Beyotime biotechnology, China) and incubated with 
appropriate antibody. The immunocomplexes were examined by West-
ern blot according to the protocol above. 

2.18. RNA sequencing 

RNA-Seq and bioinformatics analysis were performed in MNX-AS1- 
silenced, IGF2BP3-silenced and non-silenced NOZ cells by Gminix 
(Shanghai, China) using the Gene-Cloud Biotechnology Information 
(GCBI) platform. The criteria for identifying differentially expressed 
genes (DEGs) were fold change ≥1.5 or ≤ 2/3 and p value < 0.05. 

2.19. Chromatin immunoprecipitation (ChIP) assay 

A kit from Beyotime (P2078) was used for ChIP assays in accordance 
with the manufacturer’s instructions. In short, Cells (NOZ and GBC-SD) 
were fixed with 4% paraformaldehyde (10 min) to cross-link protein- 
DNA complexes, which were then sonically sheared to between 200 and 
300 bp. Next, cells were lysed and immunoprecipitated with anti-TEAD4 
antibody (ab58310, Abcam) or Rabbit IgG (A7016, Beyotime) overnight 
with slow rotation at 4 ◦C. Then the ChIP samples were purified using a 
DNA Purification Kit (D0033, Beyotime) and analyzed via qRT-PCR and 
electrophoresis on a 2% agarose gel. Primer sequences of TEAD4-MNX1- 
AS1 can be found in Table S1, Supplemental information. 
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2.20. Dual-luciferase assay 

The MNX1-AS1 promoter with wild-type (WT) or mutant (MUT) 
TEAD4 binding sites were generated and inserted into a pGL3-basic 
vector. Briefly, GBC cells with or without TEAD4 knockdown were 
inoculated in 24-well plates, and then transfected with vectors con-
taining WT or MUT MNX1-AS1 promoter sequences using ViaFect 
(Promega). 

The relative luciferase activity was assessed exploiting a dual lucif-
erase assay kit (Promega). 

2.21. Statistical analysis 

Data was analyzed using GraphPad Prism 9 software and expressed 
as mean ± standard deviation. Student’s t-test, one-way ANOVA and 
Kaplan-Meier method (log-rank test) were employed for single com-
parisons, multiple comparisons, and survival analysis, respectively. A 
comparison of significant differences between lncRNA MNX1-AS1 

expression and clinicopathologic features was achieved using the Pear-
son chi-square test. P values below 0.05 are considered to be significant. 

3. Results 

3.1. MNX1-AS1 is highly expressed in GBC and negatively associated 
with prognosis 

We delved into our previously performed high-throughput micro-
array analysis (GEO accession number: GSE76633), and found that GBC 
tissues had a higher lncRNA MNX1-AS1 (NR_038835.1) level than 
adjacent non-tumor tissues (Fig. S1A, Supplemental information). Then 
we designed and synthesized digoxin-labeled probes of MNX1-AS1 to 
detect its expression by ISH and FISH assays in patient samples. Ac-
cording to the results of Fig. 1A and F, MNX1-AS1 was mainly localized 
to the cytoplasm, and was overexpressed in GBC tissues compared to 
paired noncancerous tissues. In addition, we conducted qRT-PCR on 71 
pairs of GBC samples to determine MNX1-AS1 expression. Results from 

Fig. 1. Identification of MNX1-AS1 as an oncogenic lncRNA in GBC. (A) ISH assay demonstrated that MNX1-AS1 was overexpressed in GBC tissues when 
compared to matched nontumorous tissues, and was predominantly localized in the cancer cell cytoplasm. (B and C) MNX1-AS1 RNA levels in 71 paired GBC and 
surrounding nonneoplastic samples were examined by qRT-PCR. (D) The clinical and pathological implications of MNX1-AS1 in GBC patients: high expression level 
of MNX1-AS1 was found to be closely related to gallstone, large tumor size (≥3 cm), advanced TNM stage (III + IV) and lymph node involvement. (E) Kaplan-Meier 
analysis of 71 GBC patients stratified based on MNX1-AS1 expression (high or low). (F) The subcellular positions of MNX1-AS1 within GBC patient samples and cell 
lines were identified by FISH. (G and H) As demonstrated by nuclear/cytoplasmic fractionation assays, MNX1-AS1 was primarily enriched in the cytoplasm. (I) 
Northern blot of MNX1-AS1 was performed using RNA from GBC tissues and cell lines. 
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qRT-PCR again suggested that the MNX1-AS1 expression was higher in 
GBC tissues compared with nontumorous tissues (Fig. 1B and C). Then, 
we evaluated the relationship between MNX1-AS1 expression and clin-
icopathologic characteristics in those 71 GBC patients. According to 
Fig. 1D and Table 1, using the median expression of MNX1-AS1 as a 
cutoff, high MNX1-AS1 level was well-related to gallstone, tumor size, 
TNM stage and lymph node metastasis. Moreover, GBC patients showing 
higher MNX1-AS1 levels displayed poorer prognosis as revealed by 
Kaplan-Meier analysis (Fig. 1E). 

LncRNA MNX1-AS1 locates on chromosome 7 and contains two 
exons in human (Fig. S1B, Supplemental information). To determine the 
full-length MNX1-AS1 sequence, 5′ and 3′ RACE (Figs. S1D and E, 
Supplemental information) and northern blot analyses (Fig. 1I) were 
performed. In addition, lncRNA MNX1-AS1 showed no protein coding 
potentiality based on the results of CPC 2.0 and CPAT, indicating it as a 
non-protein coding RNA (Fig. S1F, Supplemental information). Then 
qRT-PCR, nucleocytoplasmic separation experiments and FISH were 
used to determine the expression level and subcellular distribution of 
MNX1-AS1 in GBC cell lines. It was found that MNX1-AS1 was widely 
expressed in GBC cells, and was mainly localized to the cytoplasm 
(Fig. 1F–H and Fig. S1C, Supplemental information). 

3.2. MNX1-AS1 promotes GBC cell growth and metastasis 

Gain- and loss-of-function studies in vitro and in vivo were applied to 
elucidate the role of MNX1-AS1 in GBC tumorigenesis and progression. 
We depleted MNX1-AS1 by two independent short hairpin RNAs (sh-1 
and sh-2), and overexpressed it by lentiviruses expressing its full-length. 
The efficiency of knockdown and overexpression were validated by qRT- 
PCR (Fig. S2A, Supplemental information). As shown in Fig. 2A and B, 
silencing MNX1-AS1 significantly reduced the cell proliferation and 
colony formation abilities of NOZ and GBC-SD cells, whereas over-
expressing MNX1-AS1 promoted the growth of EH-GB1 and SGC996 
cells. Since MNX1-AS1 expression was positively correlated with 
lymphatic node metastasis of GBC, we speculated that MNX1-AS1 may 
facilitate the migratory and invasive capabilities of GBC cells. To test 
this hypothesis, we conducted Transwell assays. In line with our spec-
ulation, the results showed that MNX1-AS1 knockdown impaired 
migratory and invasive abilities of GBC cells, whereas its overexpression 
led to opposite effects (Fig. 2C and Fig. S2B, Supplemental information). 
To shed further light on the effects of MNX1-AS1 on GBC, animal studies 

were carried out. The volume and weight of xenograft tumors were 
markedly reduced when MNX1-AS1 was knocked down (Fig. 2D) and 
were conversely increased after MNX1-AS1 overexpression (Fig. S2C, 
Supplemental information). In addition, an attempt was made to eluci-
date the role of MNX1-AS1 in GBC metastasis by intrasplenic injection 
mouse models. As shown in Fig. 2E–G, the fluorescence intensity and 
metastatic nodules in liver were significantly reduced due to MNX1-AS1 
silence. Collectively, these findings demonstrated that lncRNA MNX1- 
AS1 acts as an oncogene in GBC development, progression and 
metastasis. 

3.3. MNX1-AS1 directly interacts with IGF2BP3 

To unveil the molecular mechanism by which MNX1-AS1 promotes 
GBC, we first performed biotin-labeled RNA pull-down assays to search 
for potential MNX1-AS1-binding proteins. Silver staining showed that 
there were differential bands around 70KD (Fig. 3A), which were 
excised and analyzed via mass spectrometry (Table S4, Supplemental 
information). We found that IGF2BP3 was enriched in the MNX1-AS1 
pull-down protein. The interaction of MNX1-AS1 with IGF2BP3 was 
experimentally confirmed by RNA pull-down (Fig. 3B) and RIP assays 
(Fig. 3C). Furthermore, according to the predicted secondary structure 
of MNX1-AS1 (http://rna.urmc.rochester.edu/RNAstructureWeb, 
Fig. 3D), various truncations were constructed. We found that the 598- 
1024-nt fragment of lncRNA MNX1-AS1 was sufficient for the associa-
tion with IGF2BP3 (Fig. 3E). Next, we conducted protein domain map-
ping experiments to identify the binding regions of IGF2BP3. As shown 
in Fig. 3F, deletion of K homology RNA-binding domains 1 and 2 (KH1 
and KH2, 156–345 aa) of IGF2BP3 eliminated its interaction with 
MNX1-AS1, indicating that MNX1-AS1 bound to these regions. Taken 
together, these results validated that lncRNA MNX1-AS1 specifically 
bound to IGF2BP3 in GBC cells. 

For the purpose of determining whether the MNX1-AS1-IGF2BP3 
interaction would lead to GBC progression, we performed rescue ex-
periments. The results demonstrated that IGF2BP3 overexpression 
partially rescued the inhibitory effect of MNX1-AS1 knockdown on 
malignant behaviors of GBC cells, meanwhile, IGF2BP3 knockdown 
could impair these MNX1-AS1-promoted effects. (Fig. 3G and Fig. S2D, 
Supplemental information). These results further corroborated the 
interaction between MNX1-AS1 and IGF2BP3, and their pivotal role in 
GBC progression. 

3.4. MNX1-AS1 protects IGF2BP3 from ubiquitin/proteasome-dependent 
degradation by enhancing USP16-IGF2BP3 interaction 

To definite the consequence of MNX1-AS1-IGF2BP3 interaction, we 
detected the mRNA and protein levels of IGF2BP3 after MNX1-AS1 
silencing and overexpression. As illustrated in Fig. 4A and B, MNX1- 
AS1 did not affect the mRNA levels of IGF2BP3 in GBC cell lines, but 
the protein levels of IGF2BP3 were significantly decreased after MNX1- 
AS1 knockdown whereas increased after overexpressing MNX1-AS1. In 
addition, we measured the expression of IGF2BP3 in cancerous and 
adjacent noncancerous tissues of GBC patients by qRT-PCR and IHC. As 
shown in Fig. 4C, higher IGF2BP3 mRNA level was found in GBC tissues 
than nontumoral tissues. Moreover, the protein level of IGF2BP3 was 
upregulated in MNX1-AS1-high tissues compared with MNX1-AS1-low 
tissues (Fig. 4D). We further investigated whether MNX1-AS1 
enhanced IGF2BP3 protein level by decreasing its degradation. After 
MNX1-AS1 was silenced or overexpressed in NOZ cells, protein- 
synthesis inhibitor cycloheximide (CHX) was applied to examine the 
turnover rate of IGF2BP3. We found that the turnover rate of IGF2BP3 
was increased after MNX1-AS1 knockdown and decreased after MNX1- 
AS1 overexpression (Fig. 4E). Moreover, the effect of MNX1-AS1 on 
the protein level of IGF2BP3 could be abrogated by proteasome inhibitor 
MG132 and PS341, but not by autophagy inhibitor Bafilomycin A1 
(BafA1) or DMSO (Fig. 4F). Furthermore, the results of ubiquitination 

Table 1 
LncRNA MNX1-AS1 expression and clinicopathologic characteristics in gall-
bladder cancer.  

Variables Cases MNX1-AS1 expression χ2 value P value 
Low (%) High (%) 

Gender 
Male 28 16 (45.7%) 12 (33.3%) 1.139 0.2859 
Female 43 19 (54.3%) 24 (66.7%)   
Age (years) 
<60 26 15 (42.9%) 11 (30.6%) 1.157 0.282 
≥60 45 20 (57.1%) 25 (69.4%)   
Gallstone 
Positive 39 12 (34.3%) 27 (75%) 11.880 0.0006 
Negative 32 23 (65.7%) 9 (25%)   
Tumor Size (cm) 
<3 25 20 (57.1%) 5 (13.9%) 14.550 0.0001 
≥3 46 15 (42.9%) 31 (86.1%)   
Histological grade 
High/Moderate 49 26 (74.3%) 23 (63.9%) 0.897 0.344 
Low 22 9 (25.7%) 13 (36.1%)   
TNM Stage 
I–II 20 16 (45.7%) 4 (11.1%) 10.500 0.001 
III–IV 51 19 (54.3%) 32 (88.9%)   
Lymphatic node metastasis 
Positive 37 13 (37.1%) 24 (66.7%) 6.199 0.013 
Negative 34 22 (62.9%) 12 (33.3%)    
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assays suggested that MNX1-AS1 interference promoted the ubiquiti-
nation of IGF2BP3 (Fig. 4G); whereas, MNX1-AS1 overexpression 
decreased the ubiquitination levels of IGF2BP3 (Fig. 4H). Collectively, 
these observations indicated that MNX1-AS1 stabilize IGF2BP3 at the 
protein level, likely through inhibiting its proteasome-mediated 

ubiquitination and degradation. 
Next, immunoprecipitation (IP) in combination with mass spec-

trometry (MS) were performed to identify the ubiquitinases or deubi-
quitinases responsible for the MNX1-AS1-mediated IGF2BP3 
stabilization. As shown in Fig. 5A, specific bands around 100 KDa were 

Fig. 2. MNX1-AS1 enhances the proliferation and metastasis of GBC cells in vitro and in vivo. (A–C) CCK-8 assays (A), colone formation assays (B) and 
Transwell assays (C) indicated that silencing of MNX1-AS1 depressed the proliferative, migratory and invasive abilities of GBC cells, whereas its overexpression 
induced the opposite effect. (D) Nude mice were implanted with xenograft tumor models to test MNX1-AS1’s influence on tumor development. (E–G) In vivo ap-
proaches for investigating the role of MNX1-AS1 in GBC metastasis. (E) The upper representative image showed the luciferase signals in mice right before the livers 
were dissected; the lower image showed the representative livers and the metastasis nodules were indicated by the red arrows; The number of liver metastasis 
nodules (F) and representative images of H&E staining (G) among the indicated groups. 
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then subjected to MS analysis (Table S5, Supplemental information). 
Based on the results, USP16, a histone H2A deubiquitinase, was sug-
gested as a direct target of IGF2BP3. The specific interaction of IGF2BP3 
and USP16 was confirmed by Co-IP followed by western blotting 
(Fig. 5B), and the results of RNA-pull-down and RIP assays demonstrated 

that there was an interaction between USP16 and MNX1-AS1 (Fig. 5C). 
Moreover, USP16 knockdown significantly decreased IGF2BP3 protein 
level and increased IGF2BP3 ubiquitination level, whereas no effect of 
IGF2BP3 was observed on USP16 protein expression (Fig. 5D and E). To 
further determine whether the effect of USP16 on IGF2BP3 is due to its 

Fig. 3. MNX1-AS1 directly interacts with IGF2BP3 in NOZ cells. (A) RNA pull-down assays were carried out with NOZ cell lysates using MNX1-AS1 and antisense 
RNA probes, and then visualized by silver staining. After that, the bands (indicated by red arrow) were excised and identified by mass spectrometry. (B) IP-Western 
blot analysis validated the interaction between IGF2BP3 and MNX-AS1. (C) RIP assays were conducted using IgG or antibodies against IGF2BP3, after which qRT-PCR 
was performed to detect MNX1-AS1 enrichment. (D) Secondary structure prediction of MNX1-AS1 sequences. (E) Immunoblot analysis of IGF2BP3 in pull-down 
samples using full-length biotinylated-MNX1-AS1, antisense MNX1-AS1 or truncated biotinylated-MNX1-AS1 fragments (#1: 1–309 nt; #2: 310–1024 nt; #3: 
1–597 nt; #4: 598–-024 nt). GAPDH was used as a negative control. (F) Deletion mapping for the IGF2BP3 domains that bind to MNX1-AS1. Cells were transfected 
with FLAG-tagged full-length IGF2BP3 or truncated fragments plasmids, and then RIP analysis was applied for the enrichment of MNX1-AS1. (G) Rescue experiments 
of CCK-8 and Transwell assays suggested that MNX1-AS1 exerted its oncogenic roles through regulating IGF2BP3. 
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deubiquitinase activity, we examined the effect of wild type and cata-
lytically inactive C205S mutant USP16 on IGF2BP3. As shown in Fig. 5H 
and I, wild type USP16 but not inactive mutant USP16 rescued the 
decreased protein level and increased ubiquitination level of IGF2BP3 
that induced by USP16 knockdown, indicating USP16 as a specific 
deubiquitinase for IGF2BP3. Recent studies reported that lncRNA could 
act as a scaffold for proteins [23–25]. Therefore, we explored whether 
MNX1-AS1 was required for the interaction between IGF2BP3 and 
USP16. The results demonstrated that the interaction between IGF2BP3 
and USP16 could be abolished by ribonuclease (RNase) treatment 
(Fig. 5F) and MNX1-AS1 silencing (Fig. 5G). Overall, these results 
illustrated that MNX1-AS1 functioned as a scaffold platform for 
IGF2BP3/USP16 interaction, thereby protecting IGF2BP3 from being 
degraded by the ubiquitin/proteasome system. 

3.5. MNX1-AS1 sustains the Hippo signaling pathway inactivation by 
forming a positive feedback loop with TEAD4 

To decipher the downstream signaling pathways of MNX1-AS1 and 
IGF2BP3, RNA sequencing was carried out (Fig. 6A). The differentially 
expressed genes (DEGs) after MNX1-AS1 and IGF2BP3 knockdown 
shared an 31.1% overlap (Fig. 6B). Based on the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analysis, multiple 
signaling pathways were suggested as downstream of MNX1-AS1/ 
IGF2BP3, including MAPK, Hippo and Wnt pathways (Fig. 6C). In a 
recent study, MNX1-AS1 was reported to accelerate intrahepatic chol-
angiocarcinoma progression by inhibiting the Hippo signaling pathway 
[20]. Moreover, another study has revealed that the critical downstream 
regulator of the Hippo pathway, yes-associated protein (YAP) and 
TEAD4, were overexpressed in GBC tissues and indicated a poor prog-
nosis [26]. Therefore, we focused on the Hippo pathway and examined 
the expression of related markers by Western blot. As shown in Fig. 6D, 
MNX1-AS1 interference significantly downregulated the expression of 

Fig. 4. MNX1-AS1 stabilizes IGF2BP3 by inhibiting its ubiquitin/proteasome-dependent degradation. (A and B) The RNA and protein levels of IGF2BP3 after 
MNX1-AS1 knockdown or overexpression. (C and D) The results of qRT-PCR and IHC assays indicated that IGF2BP3 was over-expressed in GBC tissues, especially in 
MNX1-AS1-high tissues. (E) NOZ cells (with or without MNX1-AS1 knockdown) and EH-GB1 cells (with or without MNX1-AS1 overexpression) were treated with 60 
μg/ml CHX for the time periods indicated. After that, IGF2BP3 protein levels were assessed by Western blot. (F) Levels of IGF2BP3 protein in NOZ cells (with or 
without MNX1-AS1 knockdown) were estimated by Western blot after 12 h treatment with MG132 (20 μM), PS341 (10 μM) or BafA1 (10 μM), respectively. (G and H) 
MNX1-AS1 interference increased IGF2BP3 ubiquitination, while MNX1-AS1 overexpression had the opposite effects. 
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IGF2BP3 as well as oncogenic YAP1, transcriptional coactivator with 
PDZ-binding motif (TAZ) and TEAD4 while increasing the phosphory-
lation levels of YAP1, mammalian Ste20-like kinase (MST) and large 
tumor suppressor homologs (LATS). This effect could be rescued by 
upregulating IGF2BP3. In addition, MNX1-AS1 overexpression elicited 
the opposite effects and could be rescued by silencing IGF2BP3. These 
results demonstrated that MNX1-AS1 suppressed the Hippo pathway 
through IGF2BP3. 

Formation of the positive feedback loop has an essential role in 
lncRNA-mediated malignant progression of tumor [27,28]. In a previous 
study of gastric cancer, TEAD4 has been revealed to bind to the 
MNX1-AS1 promoter sequence to stimulate its transcription [18]. 
Therefore, we further explored whether TEAD4 exerted the same effects, 
thereby forming a MNX1-AS1/IGF2BP3/TEAD4 positive feedback loop 
in GBC. As shown in Fig. 6E, knockdown of TEAD4 decreased the 
MNX1-AS1 RNA levels and IGF2BP3 protein levels in GBC cells. Next, 
ChIP and dual-luciferase reporter assays were conducted based on the 

putative TEAD4-binding sites in the MNX1-AS1 promoter sequence 
(Fig. 6F). Results from ChIP assays combined with agarose gel electro-
phoresis and qRT-PCR indicated the binding of TEAD4 to the promotor 
of MNX1-AS1 (Fig. 6G). As demonstrated by the dual-luciferase reporter 
assays, pGL3-WT (wild type TEAD4 luciferase reporter) showed a higher 
relative luciferase activity than pGL3-MUT (reporter with mutated 
TEAD4 binding sites), which could be reversed by TEAD4 knockdown 
(Fig. 6H). Moreover, rescue experiments demonstrated that over-
expressing MNX1-AS1 could reverse the repressive effects of depleting 
TEAD4 on GBC cell proliferation, migration and invasion (Figs. S3A and 
B, Supplemental information). These results proved that TEAD4 func-
tioned as a transcriptional activator of MNX1-AS1 and formed a positive 
feedback loop to sustainably suppress the Hippo signaling pathway, thus 
contributing to tumor progression in GBC. 

Fig. 5. MNX1-AS1 enhances the binding of USP16 to IGF2BP3. (A) IP assays were carried out using IgG or IGF2BP3 antibody. After silver staining, the bands (red 
arrow) around 100 kDa were excised for mass spectrometry analysis. (B) Western blots of endogenous indicated proteins after co-IP assay with IgG, IGF2BP3 antibody 
or USP16 antibody. (C) The specific association between USP16 and MNX1-AS1 was experimentally verified by RNA pull-down assays (left) and RIP assays (right). 
(D) USP16 knockdown decreased the protein level of IGF2BP3, however, IGF2BP3 knockdown had no effect on USP16 protein level. (E) IP assays suggested that 
IGF2BP3 ubiquitination was enhanced by USP16 silencing. (F) Co-IP assays suggested that some kinds of RNAs might mediate the binding between IGF2BP3 and 
USP16. (G) Knockdown of MNX1-AS1 impaired the IGF2BP3-USP16 interaction. (H and I) Levels of USP16 and IGF2BP3 protein (H) as well as IGF2BP3 ubiquiti-
nation (I) in si-NC and si-USP16-1 groups rescued with wild type or inactive mutant USP16, were confirmed by Western blot analysis. 
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4. Discussion 

Carcinogenesis is a multistep process results from the accumulation 
of gene mutations, chromosomal aberrations and epigenetic alterations 
[29]. LncRNAs are emerging as critical regulators in tumor biology, of 
which 79% remained unannotated [30]. In the case of GBC, several 

lncRNAs have been reported to participate in GBC progression, which 
may provide potential strategies to overcome the difficulties of GBC 
diagnosis and treatment [22,31,32]. In the present study, we 
re-analyzed our previous microarray data of lncRNAs differentially 
expressed between cancer and adjacent non-cancerous tissues from GBC 
patients, and identified a well-known oncogenic lncRNA, MNX1-AS1, 

Fig. 6. MNX1-AS1, IGF2BP3 and Hippo pathway formed a positive feedback loop in GBC. (A) Heatmap of DEGs after MNX1-AS1 knockdown or IGF2BP3 
knockdown. (B) The DEGs between the MNX1-AS1-knockdown group and IGF2BP3-knockdown group had 1573 (31.1%) overlaps. (C) KEGG pathway analysis 
showed that MNX1-AS1 and IGF2BP3 shared highly similar downstream cancer-related pathways. (D) The results of Western blot showed that MNX1-AS1 suppressed 
the Hippo pathway via IGF2BP3. (E) The RNA level of MNX1-AS1 and the protein level of IGF2BP3 could be positively regulated by TEAD4. (F) TEAD4 binding sites 
in MNX1-AS1 promoter were predicted by JASPAR. (G and H) Results from ChIP assays (G) and dual-luciferase assays (H) suggested that TEAD4 activated tran-
scription of MNX1-AS1 through direct binding to its promoter at the putative sites. 
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that is over-expressed in GBC tissues. 
In recent years, MNX1-AS1 has emerged as a new hot spot in the field 

of tumor biology research, which plays an oncogenic role in all types of 
cancers of all existing studies. For instance, upregulation of MNX1-AS1 
in colorectal cancer has been observed and linked to poor prognosis 
[19]. In gastric cancer, MNX1-AS1 was also upregulated and highly 
correlated with clinicopathologic characteristics of patients with gastric 
cancer, including tumor volume, invasion depth, histological grade, 
tumor staging, lymph node involvement, and metastases to distant sites 
[18]. All these previous studies have indicated that MNX1-AS1 exerted a 
crucial role in carcinogenesis and progression of multiple tumor types. 
However, as far as we know, its role in GBC has not yet been investi-
gated. In present study, we found that MNX1-AS1 was overexpressed in 
GBC, and was positively linked to a more malignant clinicopathological 
status and poorer prognosis. Additionally, our functional assays both in 
vitro and in vivo revealed that MNX1-AS1 contributed to the prolifera-
tion and metastasis of GBC. These findings implied a significant role of 
MNX1-AS1 in GBC tumorigenesis and development. 

The subcellular distribution of lncRNA is closely related to the 
mechanism of its biological function [33]. LncRNA was shown to serve 
as a molecular scaffold to form binding platforms for the interaction 
with proteins, thereby regulating protein activity, trafficking or stability 
[24,34]. Our results have suggested that MNX1-AS1 displayed mainly 
cytoplasmic localization and upregulated the protein level of IGF2BP3 
via direct interaction. IGF2BP3 encodes a 69 kDa protein that belongs to 
the conserved IGF mRNA-binding protein family [35]. This gene was 
first discovered due to its high expression in pancreatic cancer [36], and 
subsequently found to participate in driving tumorigenesis and tumor 
progression of various malignancies, such as colorectal cancer [37], 
gastric cancer [38], etc. Here, we show that MNX1-AS1 has a strong 
impact on the stability of IGF2BP3 by blocking its 

ubiquitin/proteasome-dependent degradation, leading to a higher 
expression of IGF2BP3 in GBC. Moreover, the rescue experiments further 
identified IGF2BP3 as an indispensable downstream of 
MNX1-AS1-mediated pro-oncogenic effect. 

The ubiquitination process is a tightly regulated and important post- 
translational modification, which may activate or deactivate tumori-
genic pathways in cancer [39,40]. Deubiquitinases can remove 
mono-ubiquitin or ubiquitin chains from substrate proteins, and thus 
reverse ubiquitination process and stabilize target proteins [41,42]. The 
deubiquitinase USP16 is a member of the ubiquitin-specific protease 
(USP) family proteins, which are closely related to cancer progression 
[43]. For example, USP22 was reported to possess a prominent role in 
tumor invasion and metastasis, cell cycle, immune regulation, chemo-
resistance, etc. [44]. However, the role of USP16 in tumorigenesis is still 
quite limited. In this study, we demonstrated that USP16 is involved in 
MNX1-AS1-mediated IGF2BP3 stabilization by protecting IGF2BP3 from 
ubiquitin-proteasome degradation, with MNX1-AS1 playing the role of 
scaffold platform. 

RNA sequencing was conducted in order to better understand the 
regulation networks of MNX1-AS1 and IGF2BP3 within GBC. Among the 
results of KEGG pathway analysis, the Hippo signaling pathway sparked 
our interest since it has been reported to be associated with lncRNA and 
tumorigenesis, and moreover, with MNX1-AS1 and GBC [20,26,45,46]. 
The Hippo pathway, as a tumor suppressor pathway, consists of an up-
stream kinase cascade of MST1/2 and LATS1/2, as well as major 
downstream effectors YAP1 and TAZ [47,48]. When the inhibitory 
Hippo switch is on, the upstream kinases are inactivated, YAP1/TAZ 
dephosphorylation and nuclear translocation induces target gene 
expression by acting as transcriptional co-activators to interact with 
transcription factors, particularly TEAD members [45,49]. Increasing 
evidence indicates that the components of the upstream kinase module 

Fig. 7. Schematic model detailing the molecular mechanisms of MNX1-AS1 in GBC. MNX1-AS1 is transcriptionally upregulated by TEAD4 and promotes GBC 
tumorigenesis by recruiting USP16 to stabilize IGF2BP3 and creating a positive feedback loop with TEAD4 that produces persistent inactivation of the Hippo 
signaling pathway, which consequently promotes GBC cell proliferation, migration and invasion. The illustration was drawn by Figdraw (www.figdraw.com). 
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exert tumor-suppressing properties while those of the downstream 
transcriptional module exert oncogenic effect [45,47]. Our results illu-
minated that overexpressed MNX1-AS1 and subsequent IGF2BP3 
significantly decreased the expression of phosphorylated-MST, phos-
phorylated-LATS and phosphorylated-YAP1 while increasing the 
expression of oncogenic YAP1, TAZ and TEAD4, indicating that 
MNX1-AS1/IGF2BP3 inhibited the Hippo pathway. 

Our results were in agreement with that of the previous study [18], 
showing that TEAD4 could enhance the transcription of MNX1-AS1 by 
direct binding to its promoter and serving as a transcriptional activator, 
thereby establishing a positive feedback loop that constitutively 
inhibited the Hippo pathway to promote GBC progression. Combined 
with our results and literature reports, we can reasonably infer that 
MNX1-AS1 promotes GBC progression via a positive feedback loop with 
IGF2BP3/TEAD4. 

In conclusion, we identified a novel lncRNA MNX1-AS1, which is 
upregulated in GBC and its higher expression associates to poorer 
prognosis. MNX1-AS1 exerts a pro-tumor role in GBC by stimulating 
proliferation and metastasis in vitro and in vivo. Mechanistically, 
MNX1-AS1 protects IGF2BP3 from ubiquitin/proteasome-dependent 
degradation by serving as a scaffold to recruit USP16, which also sus-
tains inactivation of the Hippo signaling pathway by an IGF2BP3/ 
TEAD4 positive feedback loop (Fig. 7). Our present study elucidated the 
crucial role of MNX1-AS1/IGF2BP3/Hippo signaling pathway in GBC 
progression, which could be utilized to develop biomarkers and targets, 
and to provide the preliminary basis for the early diagnosis and treat-
ment of GBC. 
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