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Abstract

Merlin, the protein encoded by the NF2 gene, is a member of the band 4.1 familly of cytoskeleton-

associated proteins and functions as a tumor suppressor for many types of cancer. However, the 

roles and mechanism of Merlin expression in pancreatic cancer have remained unclear. In this 

study, we sought to determine the impact of Merlin expression on pancreatic cancer development 

and progression using human tissue specimens, cell lines, and animal models. Decreased 

expression of Merlin was pronounced in human pancreatic tumors and cancer cell lines. 

Functional analysis revealed that restored expression of Merlin inhibited pancreatic tumor growth 

and metastasis in vitro and in vivo. Furthermore, Merlin suppressed the expression of Wnt/β-

catenin signaling downstream genes and the nuclear expression of β-catenin protein, and 

overexpression of Forkhead box M1 (FOXM1) attenuated the suppressive effect of Merlin on 

Wnt/β-catenin signaling. Mechanistically, Merlin decreased the stability of FOXM1 protein, which 

plays critical roles in nuclear translocation of β-catenin. Collectively, these findings demonstrated 

that Merlin critically regulated pancreatic cancer pathogenesis by suppressing FOXM1/β-catenin 
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signaling, suggesting that targeting novel Merlin/FOXM1/β-catenin signaling is an effective 

therapeutic strategy for pancreatic cancer.
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Introduction

Pancreatic ductal adenocarcinoma (PDA) has a dismal prognosis and is the seventh leading 

cause of cancer-related deaths (1). Its incidence is increasing annually, and in the United 

States, researchers estimated that 46,420 new PDA cases would be diagnosed and 39,590 

patients would die of it in 2014 (2). Despite improvements in early diagnosis and treatment, 

more than 80% of PDA cases are diagnosed at late stages, and the 5-year survival rate for 

PDA is less than 5% (3). Thus, identification of the molecular mechanisms underlying PDA 

development and progression is urgently needed.

Merlin, the protein encoded by the NF2 gene, is a member of the band 4.1 families of 

cytoskeleton-associated proteins, which link the integral membrane proteins with the actin 

cytoskeleton (4,5). Investigators first identified Merlin as being associated with 

neurofibromatosis type 2 and that it functions as a tumor suppressor (6). A number of 

studies demonstrated that Merlin is a versatile tumor suppressor that can inhibit cancer cell 

proliferation and motility by modulating a wide range of signaling pathways (7). 

Furthermore, mutation of the NF2 gene and loss of Merlin protein occur in many different 

types of cancer, suggesting a general tumor-suppressive role for Merlin (8–13). Evidently, 

Merlin shuttles between the cell cortex and the nucleus and that both cortical Merlin and 

nuclear Merlin have been implicated in tumor suppression via interaction with angiomotin 

and CRL4-DCAF1, respectively (11,13). In a study of Ezrin, another member of the band 

4.1 protein superfamily, overexpression of Merlin inhibited SW1990 PDA cell proliferation, 

migration, and adhesion (14). However, the roles and mechanism of Merlin expression in 

PDA development and progression have remained unclear.

Wnt/β-catenin is one of the most important signaling pathways in PDA development and 

progression (15). Briefly, this pathway is initiated by binding of Wnt ligands to receptors of 

the Frizzled family and co-receptors on the cell surface. With ligand binding, the 

cytoplasmic degradation complex, which consists of Axin, adenomatous polyposis coli, 

glycogen synthase kinase-3β, and casein kinase 1, is inhibited, leading to nuclear 

localization of β-catenin. In the nucleus, β-catenin binds to T-cell factor/lymphoid enhancer 

factor to activate Wnt downstream target genes, including cyclin D1, matrix 

metalloproteinase 2 (MMP2), MMP9, and vascular endothelial growth factor (VEGF). 

Although studies of mouse models demonstrated that activation of Wnt/β-catenin signaling 

was insufficient to initiate PDA, this pathway played key roles in PDA stem cell 

maintenance, progression, and drug resistance (15,16). Recent studies indicated that Merlin 

suppressed the Wnt/β-catenin signaling pathway (9,17,18); however, the molecular 
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mechanism of this suppression and the relevance of the interaction between Merlin and 

catenin remains to be elucidated.

Forkhead box M1 (FOXM1) is a transcription factor in the FOX superfamily characterized 

by a conserved winged helix DNA-binding domain (19). FOXM1 is a key regulator of cell-

cycle progression, and series of studies suggested that it plays critical roles in PDA growth, 

angiogenesis, invasion, and metastasis (20,21). Recently, we found that FOXM1 bound 

directly to β-catenin and had a key role in mediation of nuclear accumulation of β-catenin 

and downstream target gene expression (22,23).

In the present study, we sought to determine the roles and mechanism of Merlin expression 

in PDA growth and metastasis. We discovered that expression of Merlin was suppressed in 

PDA cells and that restored expression of Merlin inhibited PDA cell growth and metastasis 

in vitro and in vivo. Further studies demonstrated that re-expression of Merlin decreased the 

nuclear translocation of β-catenin by inducing instability of FOXM1 protein.

Materials and Methods

Cell culture and treatment

Human embryonic kidney 293 (HEK293) cells and the human PDA cell lines PANC-1, 

MiaPaCa-2, AsPC-1, BxPC-3, CaPan-1, CaPan-2, and PA-TU-8902 were purchased from 

the American Type Culture Collection. The PDA cell line MDA Panc-28 was a gift from Dr. 

Paul J. Chiao (The University of Texas MD Anderson Cancer Center, Houston, TX). The 

human PDA cell line FG was obtained from Michael P. Vezeridis (Brown Medical School, 

Providence, RI) (24). The human metastatic PDA cell line COLO357 and its fast-growing 

liver-metastatic variant in nude mice, L3.7, were described previously (20). All of these cell 

lines were maintained in plastic flasks as adherent monolayers in Eagle's minimal essential 

medium supplemented with 10% fetal bovine serum, sodium pyruvate, nonessential amino 

acids, L-glutamine, and a vitamin solution (Flow Laboratories). Immortalized human 

pancreatic ductal epithelial cells (provided by Dr. M.S. Tsao, Ontario Cancer Institute, 

Toronto, Ontario, Canada) were maintained in a keratinocyte serum-free medium 

supplemented with epidermal growth factor and bovine pituitary extract (Invitrogen). The 

cell lines obtained directly from the American Type Culture Collection were subjected to 

cell-line characterization or authentication via short tandem repeat profiling and passaged in 

our laboratory for fewer than 6 months after receipt. The following drugs were used in DNA 

methylation experiments: 5-aza-2'-deoxycytidine (5-aza), MG132, and cycloheximide 

(CHX) (Sigma-Aldrich). PDA cell lines were treated with 5-aza at 5 μM for 72 hours, and 

total RNAs were extracted from the cells and analyzed using quantitative real-time reverse 

transcription (RT)-PCR.

Human PDA specimens and immunohistochemical analysis

Tissue microarray (TMA) construction and immunohistochemical analysis were conducted 

with anti-Merlin and anti-FOXM1 antibodies (Santa Cruz Biotechnology) as described 

previously (25). The use of human specimens was approved by the relevant institutional 
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review boards. The staining results were scored by two investigators blinded to the clinical 

data as described previously (26).

Plasmids and small interfering RNAs

The plasmids pcDNA3.1-FOXM1B (pFOXM1), Flag-tagged FOXM1B (Flag-FOXM1), and 

a control vector were described previously (22,27). The plasmid pcDNA3.0-Flag-tagged 

Merlin was the full-length Merlin isoform I and was obtained from Addgene. Full-length 

Merlin was cloned into the pcDNA3.0 (pMerlin) and pcDNA3.0-hemagglutinin (HA; HA-

Merlin) vectors as a BamHI-EcoRI fragment. Mutated Merlin-S518A was generated via 

overlapping polymerase chain reaction (PCR) and inserted into pcDNA3.0 (pM-S518A) and 

pcDNA3.0-HA (HA-M-S518A) vectors (amplified via two-step PCR using the following 

primers: 5'-atgcggatccatggccggggccatcgcttcccg-3' and 5'-

ctttttctttctctatctccatggcaagccgcttcatgtcagtatctttg-3' plus 5'-

caaagatactgacatgaagcggcttgccatggagatagagaaagaaaaag-3' and 5'-

atgcgatatcctagagctcttcaaagaaggccact-3' for the first reaction and 5'-

atgcggatccatggccggggccatcgcttcccg-3' and 5'-atgcgatatcctagagctcttcaaagaaggccact-3' for the 

second reaction). Mutated Merlin-S518D was obtained using the same method (primers: 5'-

atgcggatccatggccggggccatcgcttcccg-3' and 5'-

ctttttctttctctatctccatgtcaagccgcttcatgtcagtatctttg-3' plus 5'-

caaagatactgacatgaagcggcttgacatggagatagagaaagaaaaag-3' and 5'-

atgcgatatcctagagctcttcaaagaaggccact-3' for the first reaction and 5'-

atgcggatccatggccggggccatcgcttcccg-3' and 5'-atgcgatatcctagagctcttcaaagaaggccact-3' for the 

second reaction). An HA-ubiquitin vector described previously was used as a control (28). 

Full-length Merlin was cloned into the retroviral expression vector pBABEpuro as a BamHI-

EcoRI fragment (pBABE-Merlin). Retroviruses were produced by transfecting packaging 

cells (HEK293) with a three-plasmid system consisting of the empty pBABEpuro vector or 

pBABE-Merlin, the packaging plasmid pUMVC, and the envelope plasmid pCMV-VSV-G. 

pUMVC and pCMV-VSVG were obtained from Addgene. Retroviruses were frozen at 

−20°C or −80 for long-term storage. Each amplified DNA fragment was verified by 

sequencing the inserts and flanking regions of the plasmids. Small interfering RNA #1 

(siRNA#1) targeting Merlin (siMerlin), which was obtained from Cell Signaling 

Technology, was a pool of siRNAs for the NF2 gene (sense strand: 5'-

ccuguaaauuuguucuuua-3'; antisense strand: 5'-uaaagaacaaauuuacagg-3'). SiRNA#2 targeting 

Merlin was designed based on the sequences specific to human NF2 gene cDNA (sense 

strand: 5'-ggacaagaagguacuggaucaugau-3'; antisense strand: 5'-

aucaugauccaguaccuucuugucc-3'), which was reported previously (29). SiRNA targeting p21-

activated kinase 1 (PAK1) was designed based on the sequences specific to human PAK1 

gene cDNA (sense strand: 5'-cucacacccgcuaggauucuucuuu-3'; antisense strand: 5'-

aaagaagaauccuagcgggugugag-3'), which was reported previously (30). SiRNA targeting 

FOXM1 (siFOXM1) was described previously (25).

Quantitative real-time RT-PCR

Quantitative real-time RT-PCR analysis of the expression of the Merlin, FOXM1, and β-

catenin genes was performed using total RNA and the SYBR Green reagent with an ABI 

Prism 7000HT sequence detection system (Applied Biosystems) (28). The sequences of the 
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PCR primers were as follows: Merlin, 5'-cggtgtccttgatcgtgtactg-3' (forward) and 5'-

tcaattgcgagatgaagtggaa-3' (reverse); FOXM1, 5'-acgtccccaagccaggctc-3' (forward) and 5'-

ctactgtagctcaggaataa-3' (reverse); β-catenin, 5'-tgttcgtgcacatcaggatacc-3' (forward) and 5'-

acatcccgagctaggatgtgaag-3' (reverse); and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), 5'-acagtccatgccatcactgcc-3' (forward) and 5'-gcctgcttcaccaccttcttg-3' (reverse).

Methylation-specific PCR

Methylation-specific PCR was performed using genomic DNA from the tumor cells, which 

was modified with bisulfate using an EZ DNA Methylation Kit according to the 

manufacturer's instructions. For detection of unmethylated DNA, the forward primer was 5'-

agttattttaaaggaggtgggatgg-3', and the reverse primer was 5'-aaacaaaacccctaaacaacaa-3'. For 

detection of methylated DNA, the forward primer was 5'-gagttattttaaaggaggcgggac-3', and 

the reverse primer was 5'-gaaacccctaaacgacaacgac-3'. The primers were designed using the 

MethPrimer software program as described previously (31). The negative control was water. 

The positive control was genomic DNA that was methylated using the CpG methylase 

M.Sss I (New England Biolabs). The PCR conditions consisted of an initial 5 minutes at 

95°C; 40 cycles of 94°C for 25 seconds, 58°C for 25 seconds, and 72°C for 30 seconds; and 

a final extension step at 72°C for 10 minutes. The PCR products were confirmed using 2% 

agarose gel electrophoresis and ethidium bromide staining.

Gene transfection

For retroviral transduction, PDA cells were plated into six-well plate 24 hours prior to viral 

infection (approximately 50% confluent) and were infected with a mixture of retroviruses 

and hexadimethrine bromide (Polybrene; 5 μg/mL), and stable populations of the cells were 

obtained via selection with 2 μg/mL puromycin. For transient transfection, cells were 

transfected with plasmids or siRNA for 48 hours before functional assays using 

Lipofectamine LTX and Lipofectamine 2000 CD (Invitrogen), respectively. PDA cells 

treated with the transfection reagents alone were included as mock controls.

Western blot analysis

Total cell lysates, cytoplasmic and nuclear protein fractions were extracted as described 

previously (20). Standard Western blotting was carried out using primary anti-Merlin, anti-

FOXM1, -β-catenin, -cyclin D1, -c-Myc, -μPAR, -MMP9, and -VEGF (rabbit; Santa Cruz 

Biotechnology), and anti-MMP2 (rabbit; Cell Signaling Technology) antibodies. Equal 

protein-sample loading was monitored using an anti-GAPDH antibody for total cell protein 

lysates (rabbit; Santa Cruz Biotechnology), an anti-α-tubulin antibody for cytoplasmic 

fractions (mouse; Oncogene), or an anti-histone H1 antibody for nuclear fractions (mouse; 

Santa Cruz Biotechnology). Secondary antibodies were anti-mouse IgG or anti-rabbit IgG 

(Santa Cruz Biotechnology). The bands were quantified using the Quantity One analysis 

software program (version 4.6; Bio-Rad).

Pulse-chase analysis

Pulse-chase experiments were performed as reported previously (32). Briefly, BxPC-3 cells 

were co-transfected with pFOXM1B and a control vector or pMerlin, and PANC-1 cells 
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were co-transfected with pFOXM1 and siMerlin or a control vector 24 hours before being 

subjected to treatment with CHX at a final concentration of 100 μg/mL for indicated times. 

Protein extracts were prepared and analyzed via Western blotting for FOXM1 expression.

Immunoprecipitation and ubiquitination assays

HEK293 cells were co-transfected with HA-ubiquitin, Flag-FOXM1, HA-Merlin, or HA-M-

S518A/D as indicated. Thirty hours after transfection, the cells were treated with 10μM 

MG132, a proteasome inhibitor for 6 hours and then harvested in IP lysis buffer (Thermo 

Scientific). Cell lysates were incubated with prewashed Flag affinity beads (Sigma) 

overnight at 4°C. Immunoprecipitates of the lysates were washed four times with the lysis 

buffer, boiled for 5 minutes in a protein loading buffer, and analyzed using Western blotting. 

Ubiquitinated FOXM1 was detected using an HA-tagged antibody (rabbit; Cell Signaling 

Technology).

Colony-formation assay

Two hundred cells from each group as indicated were plated in 24-well plates and allowed 

to grow for 14 days in culture medium; the medium was changed twice a week. Cells were 

then fixed with 4% paraformaldehyde and stained with 0.1% crystal violet solution for 10 

minutes. Colonies (>20 cells) were counted using an inverted microscope at 40× 

magnification. The results were calculated as the percentage of proper control. All 

experiments were performed in triplicate and repeated twice.

Tumor-cell migration/ invasion assay

Both cell scratch-wound assay and modified Boyden chambers assay were performed to 

determine the migrating and invading ability of PDA cells with altered Merlin expression as 

described previously (33).

Animal experiments

Female pathogen-free athymic nude mice were purchased from the National Cancer 

Institute. The animals were maintained in facilities approved by the Association for 

Assessment and Accreditation of Laboratory Animal Care International in accordance with 

the current regulations and standards of the U.S. Department of Agriculture and Department 

of Health and Human Services. To analyze tumorigenicity, pancreatic cancer cells (1×106) 

in 0.1 mL of Hank's balanced salt solution were injected subcutaneously into the right 

scapular region of nude mice. The tumor-bearing mice were killed when they became 

moribund or on day 35 after inoculation and their tumors were removed and weighed.

Statistical analysis

The significance of the patient specimen data was determined using the Pearson correlation 

coefficient. The two-tailed χ2 test or Fisher exact test was used to determine the significance 

of the differences among the covariates. All the in vitro and in vivo experiments were 

repeated 2 to 4 times or as indicated, and the data from independent experiments were 

shown as mean ± SEM or as indicated otherwise, and the significance of the data was 

determined using the Student t-test (two-tailed) or one-way analysis of variance. In all of the 
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tests, P values less than 0.05 were considered statistically significant. The SPSS software 

program (version 13.0; IBM Corporation) was used for statistical analysis.

Results

Reduced expression of Merlin directly associated with pathologic features in PDA

To determine the role of Merlin expression in PDA pathogenesis, we first investigated 

Merlin protein expression in the 154 primary PDA specimens, 34 tumor-adjacent tissue 

specimens, and 22 normal pancreatic tissue specimens in the TMA described previously 

(25). The clinicopathologic characteristics of the TMA specimens are listed in 

Supplementary Table S1. We observed Merlin-positive staining in the cytoplasm and nuclei 

(Supplementary Fig. S1) and that the expression of Merlin in the tumor-adjacent and normal 

pancreatic tissue specimens was much higher than that in the tumors (Fig. 1A and 1B). 

Merlin expression was negatively correlated with disease pT classification (P<0.001), 

regional lymph node metastasis (P=0.021), TNM stage (P<0.001), and tumor differentiation 

(P<0.001); and cytosolic Merlin predicted advanced grade as well as loss of Merlin did 

(Supplementary Table S2 and S3; Fig. 1C and 1D). Consistently, Merlin protein expression 

was markedly lower in most of the pancreatic cancer cell lines than that in human pancreatic 

ductal epithelial and HEK293 cells (Fig. 1E and 1F). These data indicated that Merlin may 

be a tumor suppressor for PDA and that decreased expression of Merlin may promote PDA 

development and progression.

The frequently reduced expression of Merlin in PDA cells suggested a higher rate of NF2 

gene inactivation than predicted from mutation analysis, because only about 10% of the 

PDA cases had heterozygous losses or inactivating mutations at the NF2 locus in The 

Cancer Genome Atlas data set. Previous studies demonstrated that hypermethylation of the 

CpG islands in the promoter region of the NF2 gene played critical roles in decreased 

expression of Merlin (34,35). Indeed, the promoter region of NF2 contains typical CpG 

islands (Supplementary Fig. S2A). Methylation-specific PCR revealed that AsPC-1, 

CaPan-1, and PA-TU-8902 cells exhibited hypermethylation in the promoter region of NF2 

(Supplementary Fig. S2B). Furthermore, we incubated 8 PDA cell lines, which had 

relatively low expression levels of Merlin, in a medium alone or containing the 

demethylating agent 5-azacytidine for 72 hours and analyzed the NF2 mRNA expression in 

them using quantitative PCR. As shown in Supplementary Fig. S2C, exposure to 5-

azacytidine produced higher NF2 mRNA expression in AsPC-1 and PA-TU-8902 cells than 

in their control cells. Therefore, promoter hypermethylation may contribute to reduced 

Merlin expression in a subset of PDA cases.

Merlin suppressed PDA cell growth, migration, and invasion in vitro, and tumorigenicity 
and metastasis in vivo

To assess the impact of Merlin expression on PDA biology, we infected AsPC-1, BxPC-3, 

and FG cells, which have very low or intermediate levels of endogenous Merlin expression, 

with retroviruses containing Merlin (AsPC-1/BxPC-3/FG-pBABE-Merlin) and empty 

retroviral expression vectors used as controls (AsPC-1/BxPC-3/FG-pBABEpuro). After 

selection of the infected cells with puromycin, we found the pooled drug-resistant cells to 
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have high levels of Merlin expression and that the restored Merlin expression was still a 

little lower than the endogenous level of Merlin expression in HEK293 cells (Supplementary 

Fig. S3A). As shown in Fig. 2A and 2B, restored expression of Merlin significantly 

suppressed the growth of and colony formation by PDA cells (P<0.05).

Conversely, we decreased Merlin expression using specific siRNA against Merlin, and 

found that both siRNA#1 and siRNA#2 knocked down Merlin expression effectively 

(Supplementary Fig. S3B). In scratch-wound assay, incased Merlin expression decreased the 

flattening and spreading of BxPC-3 cells, whereas knockdown of Merlin expression 

promoted the flattening and spreading of PANC-1 cells (P<0.05). Similarly, increased 

Merlin expression suppressed the migration and invasion of BxPC-3 cells, whereas 

knockdown of Merlin expression attenuated the migration and invasion of PANC-1 cells 

(P<0.05) (Supplementary Fig. S4A and S4B).

Next, we determined the effect of altered Merlin expression on PDA growth and metastasis 

in vivo. We found that increased expression of Merlin markedly suppressed tumor growth 

and experimental liver metastasis (P<0.05) (Fig. 3A and 3B). Collectively, these data clearly 

demonstrated that Merlin suppressed the growth, migration, and invasion of PDA cells in 

vitro, and PDA tumorigenicy and metastasis in vivo, supporting that Merlin might function 

as a tumor suppressor for PDA.

Merlin regulated Wnt/β-catenin pathway in PDA cells

Wnt/β-catenin pathway is one of the most important signaling pathways in PDA 

development and progression (9,15,17,18). To further identify the molecular mechanisms 

underlying the tumor-suppressive function of Merlin in PDA cases, we initially focused on 

the impact of Merlin on Wnt/β-catenin signaling. We found that increased expression of 

Merlin in BxPC-3 cells drastically suppressed the activity of the TOP Flash reporter, a tool 

used to evaluate the transcriptional activity of β-catenin, and that knockdown of expression 

of Merlin in PANC-1 cells increased its activity (Fig. 4A). Previous studies demonstrated 

the existence of Merlin in both phosphorylation and de-phosphorylation, and that the 

requirement of de-phosphorylation for the tumor-suppressive activity of Merlin (10,36,37). 

Interconversion between the phosphorylation and de-phosphorylation forms of Merlin is 

regulated by PAK, which phosphorylates Merlin at Ser518 and maintains the protein in the 

inactive form (10,38). To investigate the effect of Merlin phosphorylation on β-catenin 

activity, we generated a Merlin-S518A expression vector, which cannot be phosphorylated 

by PAK, and a Merlin-S518D expression vector, which mimics the phosphorylated form of 

Merlin. As shown in Supplementary Fig.S6A, Merlin-S518A decreased TOP Flash reporter 

activity similar to that of wild-type Merlin, whereas Merlin-S518D did not significantly 

decrease the TOP Flash reporter activity (4,10).

Further studies demonstrated that increased expression of Merlin downregulated the 

expression of the Wnt/β-catenin target genes cyclin D1, c-Myc, MMP2, MMP9, VEGF, and 

μPAR, which are the key genes related to cell proliferation, invasion, and metastasis, 

whereas knockdown of expression of Merlin led to elevated expression of these genes (Fig. 

4B). Consistent with published studies, increased Merlin expression did not significantly 

reduce β-catenin protein or mRNA expression (Fig. 4B and Supplementary Fig. S5) (15,18). 
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Interestingly, we observed that increased Merlin expression markedly downregulated 

FOXM1 protein expression and that knockdown of Merlin expression upregulated FOXM1 

expression but did not affect FOXM1 mRNA expression (Fig. 4B and Supplementary Fig. 

S3B and S5). Given that the interaction between FOXM1 and β-catenin and its critical roles 

in PDA growth, angiogenesis, invasion, and metastasis (18–21), our data suggest that the 

suppressive role of Merlin involves in FOXM1/Wnt/β-catenin signaling axis.

Merlin Negatively regulated FOXM1 expression in PDA cells

To confirm that Merlin negatively regulate FOXM1 expression in PDA cells, we further 

examined the effects of altered expression of Merlin on FOXM1 expression in various PDA 

cell lines. Clearly, increased Merlin expression reduced FOXM1 protein expression, 

whereas knockdown of Merlin expression led to upregulation of FOXM1 expression 

(Supplementary Fig. S6B). Merlin-S518A decreased FOXM1 expression similar to that of 

wild-type Merlin, whereas Merlin-S518D did not (Fig. 6A), confirming the role of Merlin 

phosphorylation in repressing the expression of FOXM1. Consistently increased expression 

of Merlin markedly decreased the expression of FOXM1 in xenograft tumors of BxPC-3 and 

FG cells (Fig. 5A). Furthermore, expression of FOXM1 was negatively associated with 

expression of Merlin at a statistically significant level (r=−0.486, P<0.001) (Fig. 5B and 5C) 

in the same cohort of human PDA TMA specimens (Fig. 1). Collectively, these 

experimental and clinical data strongly supported the notion that Merlin negatively regulated 

the expression of FOXM1 and that phosphorylation of Merlin by PAK abolished the 

suppressive effect of Merlin on FOXM1.

Merlin promoted ubiquitination and degradation of FOXM1

Because Merlin did not change FOXM1 mRNA expression, we determined whether Merlin 

affected FOXM1 protein stability. We observed that MG132, a typical proteasome inhibitor, 

attenuated the downregulating effect of Merlin on FOXM1 protein expression (Fig. 6B). To 

further confirm that Merlin decreased the stability of FOXM1 protein, we investigated the 

effect of Merlin expression on the FOXM1 protein half-lives using pulse-chase analyses. As 

shown in Fig. 6C and 6D, increased Merlin expression shortened the half-life of FOXM1 

from 3.5 to 1.5 hours in BxPC-3 cells, whereas knockdown of Merlin expression extended 

the half-life of FOXM1 from 4 to 8 hours in PANC-1 cells. Next, in protein ubiquitination 

experiment, we found that ubiquitination of FOXM1 was increased in the cells with 

increased Merlin or Merlin-S518A expression, but not in that with Merlin-S518D (Fig. 6E). 

Therefore, Merlin is a negative regulator of FOXM1 expression, by enhancing FOXM1 

ubiquitination and subsequent degradation.

FOXM1 mediated the negative regulatory effect of Merlin on the Wnt/β-catenin signaling

To determine the role of FOXM1 in mediation of the suppressive effect of Merlin on Wnt/β-

catenin signaling, we reanalyzed the effect of Merlin on TOPFlash reporter activity with 

FOXM1 as a rescue. In BxPC-3 cells, restored expression of Merlin suppressed the activity 

of the TOPFlash reporter, whereas overexpression of FOXM1 attenuated this suppressive 

effect (Fig. 7A). Consistently, in PANC-1 cells, knockdown of FOXM1 and Merlin 

expression markedly suppressed the TOPFlash reporter activity, which was elevated by 
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knockdown of Merlin expression (Fig. 7B). Furthermore, Wnt3a ligand treatment increased 

the regulatory effect of Merlin and Merlin plus FOXM1 on TOPFlash reporter activity (Fig. 

7A and B).

Moreover, subcellular protein fractionation study confirmed the presence of Merlin in the 

nucleus in positive lines; increased Merlin expression reduced both cytoplasmic and nuclear 

FOXM1 protein expression, and drastically reduced nuclear β-catenin expression (Fig. 7C), 

whereas knockdown of Merlin did the opposite (Fig. 7D). Consistent with the results of 

TOPFlash reporter activity assay, FOXM1 overexpression attenuated the suppressive effect 

of Merlin on nuclear translocation of β-catenin, and knockdown of FOXM1 reduced the 

nuclear expression of β-catenin, which was partially reversed by downregulation of Merlin 

expression (Fig. 7C and 7D). These data demonstrated that FOXM1 plays a critical role in 

mediation of the suppressive effect of Merlin expression on the Wnt/β-catenin pathway.

In addition to being phosphorylated by PAK, Merlin is an inhibitor of PAK activity, and 

knockdown of Merlin expression leads to increased PAK activation because of the presence 

of a negative feedback loop (38). Previous studies also demonstrated that Merlin activated 

Wnt/β-catenin signaling via the Rac/PAK pathway (18). We therefore examined the role of 

PAK1 in mediation of the suppressive function of Merlin on Wnt/β-catenin signaling. The 

results demonstrated that knockdown of Merlin expression in PANC-1 cells resulted in 

increased β-catenin transcriptional activity, whereas knockdown of PAK1 and Merlin 

expression rescued increased TOPFlash activity (Supplementary Fig. S6C). Collectively, 

these data demonstrated that both FOXM1 and PAK1 played important roles in mediation of 

the suppressive effect of Merlin expression on Wnt/β-catenin signaling in PDA cells.

Discussion

In the present study, we obtained five lines of experimental and clinical evidence supporting 

the tumor-suppressive role of Merlin by aberrant activation of FOXM1/β-catenin signaling 

in PDA development and progression. First, the expression of Merlin was markedly 

downregulated in PDA and negatively associated with disease pT classification, regional 

lymph node metastasis, TNM stage, and tumor differentiation; Merlin in the nucleus in vivo 

and that loss of nuclear staining predicted higher grade as well as loss of total staining. 

Second, restored expression of Merlin inhibited PDA cell growth, invasion, migration, and 

metastasis in vitro and in vivo. Third, expression of Merlin was markedly downregulated in 

PDA cells, and Merlin negatively regulated the expression of FOXM1 by promoting 

ubiquitination and degradation of FOXM1. Additionally, the expression of Merlin was 

inversely correlated with that of FOXM1 in PDA specimens. Fourth, increased Merlin 

expression reduced TOPFlash reporter activity and nuclear β-catenin and Wnt/β-catenin 

downstream target gene expression. Fifth, FOXM1 attenuated the suppressive effect of 

Merlin on the activity of the TOPFlash reporter and nuclear translocation of β-catenin. 

Collectively, these findings demonstrated novel Merlin/FOXM1/β-catenin signaling in PDA 

cells, which contributed to pancreatic tumorigenesis.

NF2 gene is first identified in 1993 and classified as a tumor suppressor for two reasons. 

First, an inactivating mutation of NF2 led to loss of the Merlin protein and may occur in 
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schwannoma, meningioma, hamartoma, and ependymoma cases sporadically or as part of 

the autosomal dominant syndrome neurofibromatosis type 2 (7). Second, expression of 

Merlin was lost in many types of cancer, and modulated several signaling pathways that 

played critical roles in cancer cell proliferation, motility, and apoptosis (13). In PDA cells, 

Merlin expression was elevated during cell-cycle progression and mitotic arrest; 

furthermore, overexpression of Merlin inhibited SW1990 cell proliferation, migration, and 

adhesion in vitro (14,39). These findings indicated a tumor-suppressive role for Merlin 

expression in PDA. In the present study, we systematically analyzed the Merlin expression 

patterns in PDA cell lines and tumor specimens. The results revealed that expression of 

Merlin was downregulated in most of the cell lines. Additionally, statistical analysis of the 

relationships among Merlin expression and clinicohistopathologic PDA parameters 

demonstrated drastically decreased Merlin expression in PDA and that the relationships 

were closely correlated with the malignant features of PDA. In functional studies, our in 

vitro and in vivo experimental results revealed that Merlin overexpression suppressed PDA 

cell growth and metastasis, which was consistent with the role of Merlin in other types of 

cancer (9,11,40,41). Taken together, these clinical and experimental findings strongly and 

clearly supported Merlin as a tumor suppressor in PDA. Moreover, reduced expression of 

Merlin in nervous system tumors predominantly resulted from mutations, loss of 

heterozygosity, and hypermethylation of CpG islands in the promoter region of the NF2 

gene (35). Also, in breast cancer, osteopontin-initiated, Akt-mediated phosphorylation of 

Merlin contributed to loss expression of Merlin (12,40,42–44). Because only 10% of PDA 

harbored heterozygous losses or mutations of the NF2 gene, we analyzed the role of 

hypermethylation in Merlin expression in PDA cell lines. We observed that 

hypermethylation contributed to reduced expression of Merlin in a subset of PDA cases. 

However, histone methylation may contribute little to the reduced expression of Merlin in 

pancreatic cancer (Supplementary Figure S7). Our results are consistent with the findings 

from prior reports (45,46).

Mechanisms underlying Merlin's suppressive function are unclear. The Wnt/β-catenin 

pathway is widely dysregulated in cancer, and it is one of the pivotal drivers of pancreatic 

tumorigenesis (15,47). Stabilization and nuclear translocation of β-catenin are the core 

events in persistent activation of this pathway. In colorectal cancer cases, high levels of 

nuclear β-catenin result from mutations in Wnt/β-catenin–associated signaling cascades (48). 

However, in PDA, mutations in the Wnt/β-catenin pathway are seldom detected, and β-

catenin does not contain a nuclear localization sequence. Thus, cross-talk with other factors 

and epigenetic modulations play key roles in activation of Wnt/β-catenin signaling (15). In 

previous studies, we demonstrated that FOXM1 bound directly to β-catenin and facilitated 

nuclear translocation of it (3,22). Authors also recently reported that Merlin inhibited the 

Wnt/β-catenin pathway and suppressed downstream target gene expression (9,17,18,49). 

Mechanistically, Merlin regulated the formation of adherence junctions by directly binding 

with β-catenin and the E/N-cadherin complex at the plasma membrane. Additionally, Merlin 

decreased the number of Frizzled-1 receptors and reduced Wnt signaling. In the present 

study, we observed for the first time that Merlin suppressed TOPFlash reporter activity and 

Wnt downstream target gene expression in PDA cells. Furthermore, Merlin inhibited the 

nuclear translocation of β-catenin and activation of Wnt/β-catenin signaling via 
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downregulation of FOXM1 protein expression in PDA cells, as overexpression of FOXM1 

attenuated the suppressive effect of Merlin on Wnt/β-catenin signaling. This novel finding 

regarding Merlin/FOXM1/β-catenin signaling is critical to identifying the molecular 

mechanisms underlying PDA pathogenesis given that the Wnt/β-catenin pathway is one of 

the key drivers of PDA initiation and progression and that expression of Merlin is generally 

downregulated in PDA cells.

FOXM1 is a key regulator of tumor growth, angiogenesis, metastasis, and metabolism via 

transduction of upstream signals to downstream effectors (21,25). FOXM1 is overexpressed 

in PDA cells. However, the upstream regulators of FOXM1 expression are still unknown. A 

study of malignant mesothelioma demonstrated that the Hippo pathway transcriptional co-

activator Yes-associated protein induced cell proliferation by transcriptionally upregulating 

the expression of FOXM1 (50). Furthermore, previous studies demonstrated that Merlin was 

an upstream regulator of the Hippo pathway and inhibited the activity of Yes-associated 

protein (13). However, in the present study, we found that Merlin did not regulate the 

expression of FOXM1 at the transcriptional level via Hippo signaling given that altered 

expression of Merlin did not change the FOXM1 mRNA expression. Instead, we found that 

Merlin regulated the expression of FOXM1 by promoting ubiquitination and degradation of 

FOXM1. Recently, authors reported that Merlin translocated to the nucleus and bound 

directly to the E3 ubiquitin ligase CRL4DCAF1. This binding inhibited the activity of 

CRL4DCAF1 and resulted in suppression of oncogenic gene expression and, finally, 

inhibition of tumorigenesis (11,13). Also, Merlin may indirectly regulate modification of 

FOXM1 protein, which decreases the stability of FOXM1. However, the detailed 

mechanisms underlying Merlin's regulation of FOXM1 protein stability warrant further 

elucidation.

In summary, the present study confirmed that Merlin is an important tumor suppressor in 

PDA and identified novel Merlin/FOXM1/β-catenin signaling in PDA pathogenesis. Given 

the importance of FOXM1 expression and the Wnt/β-catenin signaling pathway in PDA 

development and progression, our findings not only provide further understanding of the 

molecular mechanisms underlying FOXM1/β-catenin signaling activation but also identify 

aberrant Merlin/FOXM1/β-catenin signaling as a promising new therapeutic target for PDA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Expression of Merlin in and its association with clinicopathologic features of PDA. TMA 

PDA specimens were immunostained with a specific anti-Merlin antibody. A, representative 

images of Merlin expression in PDA specimens. Adjacent normal pancreatic tissue 

specimens are also shown. B, shown was markedly lower Merlin expression in tumors (TT) 

than in adjacent normal tissue (TN) and normal tissue (NN) and no difference in Merlin 

expression between adjacent normal and normal tissue specimens. C and D, negative 

association of the expression of Merlin with TNM stage (upper panels) and tumor 

differentiation (lower panels). E, Western blot analysis of the expression of Merlin in PDA 

cell lines. F, quantitative results of the Western blot analysis obtained via densitometric 

analysis, standardized according to GAPDH expression, and expressed as the percentage of 

HPDE.
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Figure 2. 
Merlin suppressed PDA cell growth in vitro. AsPC-1 and BxPC-3 cells were infected with 

retroviruses and stably overexpressed Merlin. Cell growth was assessed via cell counting at 

the indicated time points (A), colony formation assay was performed in 24-well plates and 

numbers of colonies were counted 14 days after retroviral infection (B). Data represented 

mean ± SEM of three independent experiments; *P values were indicated, as compared 

between “pBABE-Merlin” and “Mock” or “pBABEpuro” control.

Quan et al. Page 17

Cancer Res. Author manuscript; available in PMC 2016 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Merlin Inhibited PDA growth and metastasis in vivo. A, BxPC-3 and FG cells with stable 

Merlin overexpression were injected subcutaneously into the right scapular region in nude 

mice (n=5). The resulting tumors were removed from the mice and weighted. Data 

represented mean ± SD of 5 mice per group. This experiment was repeated once with similar 

results. B, FG cells with stable Merlin overexpression were injected intravenously into the 

ileocolic vein in nude mice (n=5). Representative gross livers with metastasis and 

hematoxylin and eosin-stained liver metastasis sections obtained from the mice are shown. 

The numbers in the insert represent the median (range) numbers of liver metastases in each 

group. This experiment was repeated once with similar results. *P values were indicated, as 

compared between “pBABE-Merlin” and “Mock” control or “pBABEpuro” control.

Quan et al. Page 18

Cancer Res. Author manuscript; available in PMC 2016 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Merlin suppressed Wnt/β-catenin signaling in PDA cells. A, TOPFlash reporter activity 

assay. BxPC-3 cells were co-transfected with 0.2 μg of TOPFlash reporter and 0, 0.3, or 

0.6μg of pMerlin (“pMer”) or a control pBABEpuro vector (“pCtr”). PANC-1 cells were co-

transfected with 0.2μg of TOPFlash reporter and 0, 25, or 50nmol/L siMerlin (“siMer”) or 

control siRNA (“siCtr”). Promoter activity (Mean±SD) was examined using a dual 

luciferase assay kit. Data represented mean ± SEM of three independent experiments. *P 

values were indicated, as compared between “pBABE-Merlin” and “pBABEpuro” control, 

or between “siMerlin” and “control siRNA”. B, BxPC-3 and AsPC-1 cells were transfected 

with pMerlin or a control vector for 48 hours, and PANC-1 cells were transfected with 

siMerlin or a control siRNA for 48 hours. Total cell proteins were extracted and expression 

levels of Merlin and others were measured using Western blotting. This experiment was 

repeated once with similar results.
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Figure 5. 
Merlin suppressed FOXM1 expression in vivo. A, subcutaneous tumor specimens were 

stained immunohistochemically with specific anti-Merlin and anti-FOXM1 antibodies. 

Shown are representatively photographs of the expression of Merlin and FOXM1 in BxPC-3 

and FG xenograft tumros. B, Merlin and FOXM1 protein expression TMA tissue sections 

were represented from the cohort described in Figure 1. C, Negative correlation of Merlin 

expression with FOXM1 expression was assessed using Pearson correlation coefficient 

analysis (n=154, r=−0.486, P<0.001). Some of the dots on the graph represent more than 

one specimen and the numbers of overlapping scores were then labeled.
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Figure 6. 
Merlin promoted ubiquitination and degradation of FOXM1 in PDA cells. A, BxPC-3 and 

AsPC-1 cells were transfected with pMerlin, pMerlin-S518A, pMerlin-S518D, or a control 

vector. Total protein was harvested 48 hours after transfection to measure Merlin and 

FOXM1 expression using Western blotting. B, BxPC-3 and AsPC-1 cells transfected with 

pMerlin or a control vector were treated with or without MG132. Merlin and FOXM1 

protein expression was determined using Western blotting. C, BxPC-3 cells co-transfected 

with pFOXM1 and pMerlin or pControl were treated with or without CHX for the indicated 

times. Total cell lysates were used to measure FOXM1 using Western blotting. 

Semiquantification was performed using GAPDH as a loading control and relative FOXM1 

expression levels at time 0 was set as 100%. D, PANC-1 cells co-transfected with pFOXM1 

and siMerlin or siControl were treated with or without CHX for the indicated times. The 

FOXM1 was determined as described above. E, HEK293 cells co-transfected with Flag-

FOXM1, HA-ubiquitin, and HA-Merlin/HA-Merlin-S518A/HA-Merlin-S518D/Control 

were lysed in IP lysis buffer. Overexpressed Flag-FOXM1 protein was captured using Flag 

affinity beads and immunoblot analysis with an HA-tag antibody. All experiments were 

performed two times with similar results.
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Figure 7. 
Merlin/FOXM1 signaling regulates Wnt/β-catenin pathway. A, the TOPFlash reporter was 

cotransfected into BxPC-3 cells with a control vector, pMerlin, or pMerlin plus pFOXM1 

with or without Wnt3a treatment. The resulting promoter activity (Mean±SD of triplicates; 

*Student t test) was analyzed using a dual luciferase assay. Data represented mean ± SEM of 

three independent experiments. *P values were indicated, as compared between groups 

indicated. B, the TOPFlash reporter was cotransfected into PANC-1 cells with control 

siRNA, siMerlin, or siMerlin plus siFOXM1 with or without Wnt3a treatment, and the 

resulting promoter activity was analyzed. C and D, a control vector, pMerlin, or pMerlin 

plus pFOXM1 were transfected into BxPC-3 cells (C) and control siRNA, siMerlin, or 

siMerlin plus siFOXM1 were transfected into PANC-1 cells (D) for 48 hours. Cytosolic and 

nuclear proteins were extracted, and the levels of Merlin, FOXM1, and β-catenin protein 

expression were measured using Western blotting. These experiments were repeated once 

with similar results. E, Model of Merlin inactivating FOXM1/β-catenin signaling in PDA 

cells. Loss of Merlin stabilizes FOXM1 protein and subsequently enhances Wnt/β-catenin 

pathway, resulting in increased expression of Wnt downstream target genes and promoting 

PDA development and progression.
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