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Abstract

Alternative splicing is evolving as an eminent player of oncogenic signaling for tumor 

development and progression. Mucin 4 (MUC4), a type I membrane-bound mucin, is differentially 

expressed in pancreatic cancer (PC) and plays a critical role in its progression and metastasis. 

However, the molecular implications of MUC4 splice variants during disease pathogenesis remain 

obscure. The present study delineates the pathological and molecular significance of a unique 

splice variant of MUC4, MUC4/X, which lacks the largest exon 2, along with exon 3. Exon 2 

encodes for the highly glycosylated tandem repeat (TR) domain of MUC4 and its absence creates 

MUC4/X, which is devoid of TR. Expression analysis from PC clinical samples revealed 

significant upregulation of MUC4/X in PC tissues with most differential expression in poorly 

differentiated tumors. In vitro studies suggest that overexpression of MUC4/X in wild-type-MUC4 

(WT-MUC4) null PC cell lines markedly enhanced PC cell proliferation, invasion, and adhesion to 
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extracellular matrix (ECM) proteins. Furthermore, MUC4/X over-expression leads to an increase 

in the tumorigenic potential of PC cells in orthotopic transplantation studies. In line with these 

findings, doxycycline-induced expression of MUC4/X in an endogenous WT-MUC4 expressing 

PC cell line (Capan-1) also displayed enhanced cell proliferation, invasion, and adhesion to ECM, 

compared to WT-MUC4 alone, emphasizing its direct involvement in the aggressive behavior of 

PC cells. Investigation into the molecular mechanism suggested that MUC4/X facilitated PC 

tumorigenesis via integrin-β1/FAK/ERK signaling pathway. Overall, these findings revealed the 

novel role of MUC4/X in promoting and sustaining the oncogenic features of PC.
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1. Introduction

Pancreatic cancer (PC) is the third leading cause of cancer-related deaths in the USA and is 

predicted to become second by 2030 [1,2]. Due to high complexity and degree of 

heterogeneity, the molecular mechanisms for progression and early metastasis remain 

obscure. Alternative splicing is one of the mechanisms that contributes to the complexity and 

effectiveness of disease progression; therefore, it stands to reason that cancer cells adopt 

alternative splicing to sustain themselves within a hostile environment. Recently, alternative 

splicing has gained immense attention in cancer research due to its strong association with 

tumor development as well as an attractive anticancer therapeutic target(s) [3]. For example, 

splice variant of the CD44 adhesion molecule has been implicated in the metastatic spread of 

various human tumor cells and has been correlated with poor prognosis [4]. Another 

example of a well studied oncogenic splice variant in PC, is the paired related homeodomain 

transcription factor (PrrX1). Two alternative isoforms of PrrX1 (PrrX1a, and PrrX1b) have 

shown distinct but complementary roles in PC oncogenesis [5]. Prrx1b regulates epithelial to 

mesenchymal transition (EMT) which promotes invasion, while Prrx1a regulates 

mesenchymal to epithelial transition (MET) by tumor redifferentiation which enhances 

metastatic colonization [5]. All these previous studies suggest that splice variants have 

distinct and pronounced functions at different stages of tumor progression, and therefore 

further exploration is merited for delineating their mechanistic and therapeutic significance 

in a highly lethal malignancy like PC.

The type 1 transmembrane mucin MUC4, is one of the most differentially overexpressed 

genes in PC, with undetectable expression in normal pancreas and de novo expression in 

early precursor lesions [6]. With this differential expression in PC, MUC4 has been 

implicated as a primary oncogenic player with prominent roles in neoplastic transformation, 

tumor progression, metastasis, and chemoresistance [7–11]. It is comprised of 26 exons 

organized into unique domains including a variable tandem-repeat (TR) domain, nidogen-

like (NIDO) domain, adhesion-associated domain in MUC4 and other proteins (AMOP), 

three EGF-like domains (EGF), transmembrane (TM) domain and a short cytoplasmic tail 

(CT) domain (Fig. 1a–b) [12,13]. We and others have identified 24 distinct variants of 

MUC4, however the functional implications of these splice variants in PC pathogenesis is 
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not fully elucidated [14]. Specifically, deletion of exons 2 and 3 results in the formation of 

MUC4/X, and deletion of exon 2 alone results in MUC4/Y [14]. Exon 2 codes for the largest 

domain of MUC4 and characteristic mucin structural signature defined by a TR region made 

of 145–500 repeats of 16 amino acids that are heavily O-glycosylated on serine and 

threonine residues [13].

Few mucin splice variants have been studied to assess their various pathological 

implications. Among them, the role of MUC1 splice variants have been studied in cancer 

and inflammatory diseases [15]. Previous research has shown that MUC1/Y is overexpressed 

in breast cancer patient tissues compared to normal adjacent tissues [16]. Additionally, 

overexpression of MUC4/Y has been associated with PC tumorigenesis by activating the 

JNK and AKT signaling pathways [17]. Also in PC patients, MUC4/Y overexpression is 

positively correlated with tumor invasion and metastasis [18].

Various transmembrane mucins, including MUC1 and MUC4, have been shown to impart 

steric hindrance to cell-ECM interaction due to their large glycosylated TR domain [19–21]. 

Further, it has been demonstrated that a higher number of tandem repeats in SMC/Muc4, the 

rat homolog of human MUC4, contributes to decreased adhesion of cancerous cells to the 

ECM protein fibronectin, suggesting that not only the presence, but extent of the TR region, 

is also responsible for adhesive properties [22]. Earlier studies from our group have also 

demonstrated the involvement of WT-MUC4 in impeding PC cells interaction with ECM by 

interfering with integrin-mediated cell adhesion [19]. These studies suggest a critical role of 

TR domain of WT-MUC4 for cell - ECM adhesion in PC pathogenesis.

The present study explores the molecular and pathological significance of MUC4/X in the 

pathogenesis of PC. Overall, our studies revealed significant expression of MUC4/X in PC 

tissues. Our studies also showed that overexpression of MUC4/X in PC cells augmented cell 

proliferation, invasion and metastasis in both in vitro and in vivo models. These effects were 

mediated by boosting the integrin-β1/FAK/ERK signaling pathway.

2. Methods & materials

2.1. Clinical samples

Pancreatic tumor tissues and adjacent normal tissues were obtained from the University of 

Nebraska Medical Center (UNMC) rapid autopsy program (RAP). The study was approved 

by the Institutional Review Board (IRB) at UNMC, and all participants were consented 

before tissue collection (IRB-091-01). Tumors were flash frozen in liquid nitrogen and 

stored at −80 °C until analysis.

2.2. RNA isolation from cell and frozen tissue, reverse transcription and real-time PCR

Total RNA from cells and frozen tissues were isolated using a mirVana miRNA kit (Ambion, 

Austin, TX, USA). RNA was reverse transcribed by using 1 μg of total RNA with random 

hexamer oligos (500μg/ml), 1 μl of 10 mM dNTPs, 5× first-strand reverse transcriptase 

buffer, 1 μl of 0.1 M dithiothreitol and 1 μl of (50 unit) SuperScript RT as described 

previously [8]. Briefly, 10 ng of complementary DNA was amplified using LightCycler® 

480 SYBR Green I master mix (Roche Diagnostics, IN, USA) in the Light Cycler 480II 
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(Roche Diagnostics, IN, USA). The amplification was performed in a two-step cyclic 

process (95 °C for 5 min, followed by 45 cycles of 95 °C for 10 s, 60 °C for 10 s and 72 °C 

for 10 s). The relative expression of mRNA (ΔCt) was normalized with β-actin, and the 

relative fold change (ΔΔCt) was measured in reference to a normal human pancreatic ductal 

epithelial (HPDE) cell line. The WT-MUC4 and MUC4/X expression in clinical samples 

were analyzed and expressed as fold change (log10 transformed) relative to control group 

(HPDE). The qPCR primers used are listed in Supplementary Table S1.

2.3. Cell lines

MIAPaCa, Capan-1, AsPC-1 and CD18/HPAF PC cell lines were obtained from ATCC, and 

grown in Dulbecco’s Modified Eagle’s medium (DMEM) containing high glucose (Hyclone, 

Thermo USA), supplemented with 10% (v/v) fetal bovine serum and 1% penicillin-

streptomycin (HyClone, Thermo, USA) at 37 °C in a humidified atmosphere containing 5% 

CO2. Human mesothelial LP9/TERT-1 cells, an hTERT-immortalized cell line 

phenotypically and functionally resembling normal human peritoneal mesothelial cells, were 

obtained from Dr. James Rheinwald (Brigham and Women’s Hospital, Harvard Institute of 

Medicine, Boston, MA) and cultured as detailed previously [23].

2.4. Generation and expression of MUC4/X construct

Standard PCR and molecular cloning techniques were utilized to generate MUC4/X 

overexpression constructs as detailed previously [24]. Briefly, the MUC4/X was amplified 

by RT-PCR from our miniMUC4 construct, cloned into the mammalian expression vector 

p3X-FLAG-CMV9 (Sigma-Aldrich, St. Louis, MO, USA) [25] and verified by sequencing. 

MIAPaCa and AsPC-1 PC cells were stably transfected using lipofectamine (Invitrogen, CA, 

USA) and stable clones were selected using G418 (400 μg/ml). Cells were analyzed for 

MUC4/X protein expression by immunoblotting and immunofluorescence using anti-FLAG 

antibody (1:3000, M2 clone, Sigma-Aldrich).

2.5. Generation of Teton inducible system

The DNA fragment encoding MUC4/X was amplified by RT-PCR from the p3X-FLAG-

CMV9-MUC4/X construct and subcloned into a Topo 2.1 cloning vector using TOPO TA 

Cloning® kit (Invitrogen, CA, USA). Using SalI and SpeI restriction digestion enzymes, the 

desired MUC4/X DNA fragment was digested from the Topo-TA, cloned into pTet-Splice 

vector (Invitrogen, CA, USA) and sequenced. Tetracycline-inducible MUC4/X expressing 

PC cell line Capan-1 was generated as detailed previously [26]. Briefly, Capan-1 cells were 

transduced with rtTA lentiviral particles according to the manufacturer’s recommendations 

(Gentarget, Inc., CA, USA) and stably transfected clones were selected using puromycin (2 

μg/ml). Subsequently, these rtTA transduced stable Capan-1 cells were transfected with 

pTet-Splice-MUC4/X plasmid, and after 48 h of transfection, MUC4/X expression was 

induced using doxycycline (2 μg/ml). MUC4/X expression was confirmed by performing 

immunoblotting and immunofluorescence using anti-FLAG antibody.
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2.6. Cell proliferation assay (MTT assay)

The effect of MUC4/X overexpression on the viability/proliferation of PC cells was 

determined using MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide) 

assay as described previously [27]. PC cells (MIAPaCa and AsPC-1) with an empty vector 

(MIAPaCa-EV and AsPC-1-EV) as control and MUC4/X over expressed MIAPaCa-

MUC4/X and AsPC-1-MUC4/X cells (5 × 103/well) were seeded in triplicates onto a 96-

well plate for 24–96 h in the presence of 2% serum containing media. Cell viability was 

assessed by adding 10 μl of 5 mg/ml of MTT in each well containing 90 μl of media (final 

working concentration of MTT is 0.5 mg/ml) followed by incubation for 3–4 h at 37 °C. 100 

μl of dimethyl sulphoxide (DMSO) was added to dissolve formed formazan crystals. Optical 

density (OD) was measured at a wavelength of 450 nm and data collected was analyzed 

using the SOFTMAX PRO software (Molecular Devices Corp., Sunnyvale, CA, USA).

2.7. Ethynyl-2-deoxyuridine (EdU) incorporation assay

To assess the cell proliferation, control and MUC4/X overexpressing (MUC4/X-OE) cells (1 

× 106/ml) were seeded in six-well plates onto the sterilized coverslip and analyzed for 

incorporation of 10 μM EdU (5-ethynyl-2′-deoxyuridine) using Click-iT EdU Cell 

Proliferation Assay Kit (Click-iT EDU kit, Thermo Fisher Scientific, MA, USA). Briefly, 

after incubating the cells with 10 μM of EdU for 24 h under dark conditions, cells were 

washed thrice with PBS, fixed with 4% paraformaldehyde and permeabilized with 0.1% 

Triton X-100 in PBS. The cell nuclei were stained with DAPI (4′, 6-Diamidino-2-

Phenylindole, Dihydrochloride, Sigma-Aldrich, St. Louis, MO, USA) and visualized under a 

Zeiss confocal laser-scanning microscope (Carl Zeiss Microimaging, Thornwood, NY, 

USA). Percentage of proliferative cells were calculated by the number of EdU positive cells 

per field/total number of DAPI positive cells per field (*100).

2.8. Colony formation assay

500 cells/well were seeded in triplicate in a 6 well plate in 2% FBS containing medium [27]. 

After 2 weeks, cells were fixed with 100% methanol, stained with 0.4% crystal violet, and 

colonies were counted [27].

2.9. Western blotting

Western blotting was performed as described previously [27]. PC cells in log phase were 

lysed with ice-cold RIPA (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium 

deoxycholate and 0.1% SDS) containing protease and phosphatase inhibitors. Cell lysates 

were quantified, and equal amount of proteins were resolved on 8–12% SDS-PAGE (for < 

250 kDa molecular weight proteins) and 2% agarose gel electrophoresis (for high molecular 

weight MUC4) and transferred onto polyvinylidene difluoride (PVDF) membranes. 

Membranes were blocked with 5% nonfat milk in phosphate-buffered saline (PBS) for 2 h, 

followed by incubation with primary antibodies at 4 °C overnight. Antibodies used includes: 

anti-FLAG (1:3000; Clone-M2, Sigma-Al-drich), MUC4 (In-house generated, 1:1000), β-

actin (1:5000, Sigma-Aldrich), integrin-β1 (1:1000, Cell Signaling), phospho-ERK (1:1000, 

Cell Signaling), FAK (1:500, Santa Cruz Biotechnology), p-FAK (1:1000, Cell Signaling), 

HA (1:2000, Cell Signaling), total ERK (1:1000, Cell Signaling). After overnight 
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incubation, membranes were washed (3 × 10min in each time) and probed with appropriate 

secondary antibodies (1:10000) for 1 h at room temperature. The protein of interest was 

detected by enhanced chemiluminescence (Thermo Fisher Scientific, MA, USA). Protein 

levels were normalized with β-actin to determine fold changes using ImageJ software 

(version 1.50i, NIH).

2.10. Immunofluorescence

Immunofluorescence analysis was performed as detailed previously [27]. PC cells were 

grown to 60–70% confluency on sterilized cover-slips, washed with Hanks buffer, and fixed 

in ice-cold methanol for 2 min. Fixed cells were then blocked with 10% goat serum for 30 

min at room temperature followed by incubation with primary anti-FLAG antibody (1:200) 

for 60 min at room temperature. After three consecutive washings with PBST, cells were 

incubated with Alexa Fluor-conjugated secondary antibody (1:200) for 60 min at room 

temperature. Cells were then washed with PBST (three times and 10 min in each time) and 

mounted using anti-fade vectashield mounting medium (Vector Laboratories Inc., 

Burlingame, CA, USA). Immunofluorescence was observed under Zeiss confocal laser-

scanning microscope (Carl Zeiss Microimaging, Thornwood, NY, USA).

2.11. Invasion assay

Invasion assay was carried as described previously [8]. Briefly, six-well cell culture inserts 

were coated with Matrigel (BD Biosciences, Bedford, MA). Next, 5 × 105 cells/well were 

seeded on top of the chamber in triplicate, in serum-free media. Serum-containing medium 

was added to the lower chamber of the well. After 24 h, non-invaded cells were removed 

using cotton swabs, and cells that invaded into the lower side of insert were fixed, stained, 

and photographed (Dade-Behring Inc., Newark, DE 19714, USA). Photographs were taken 

from 5 random fields from each insert to count numbers of invaded cells per area. The 

experiment was repeated at least three times.

2.12. Wound healing assay

Wound healing assay was performed as per the standard protocol described previously [28]. 

Control and MUC4/X–OE cells were seeded at a density of 2 × 106 cells/well in six-well 

plate in growth medium and allowed to reach ~90% confluency. After 24 h, an artificial 

wound was created on the monolayer of the cells using a 200 μl sterile pipette tip, washed 

with PBS to remove damaged and detached cells and allowed the cells to migrate in 2% 

serum containing media. Images of control and MUC4/X-OE cells were taken at 0, 12 and 

24 h and percentage of the wound closure was determined by the percentage of the ratio of 

wound width at 24 h to the wound width at 0h. The experiment was repeated thrice.

2.13. Adhesion assay

Adhesion assay was performed using Millicoat extracellular matrix (ECM) screening kit 

(#ECM 205 Millipore, Massachusetts, USA) which includes 96 well plate precoated with 

ECM proteins such as collagen I, collagen IV, fibronectin, vitronectin, and laminin. Control 

and MUC4/X-OE cells (2 × 105 cells/well) were plated in each well and allowed to attach 

for 5 h at 37 °C. Shorter incubation time (5 h) was chosen to avoid variations that arise due 
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to differential growth kinetics. Floating cells were carefully aspirated, and plates were 

washed with PBS. Attached cells were stained using crystal violet (0.1%, w/v in acetone) 

and solubilized using 200 μl of DMSO. Absorbance (at 570 nm) was measured using a 

microplate reader and data was analyzed using the SOFTMAX PRO software (Molecular 

Devices Corp., Sunnyvale, CA). Adhesion assays was performed twice in triplicate.

2.14. Mesothelial peritoneal cell adhesion assay

Adhesion of control and MUC4/X-OE cells to a monolayer of peritoneal mesothelial cells 

(LP9/TERT-1) was done as previously described [29]. Briefly, 2 × 104 LP9/TERT-1 cells per 

well were plated in flat-bottom 96-well plates and allowed to grow to a confluent monolayer 

for 48 h. Control and MUC4/X-OE cells were trypsinized, washed with PBS, and probed 

with 5 μmol/liter cell tracker green fluorescent CMFDA dye (Thermo Fischer Scientific, 

MA, USA) for 30 min at 37 °C. CMFDA labeled cells were washed with M199 medium 

with 0.1% fetal bovine serum to remove the free dye. Control and MUC4/X-OE cells were 

added (3 × 104 cells/well) onto the top of the monolayer of mesothelial cells. After 4 h 

incubation at 37 °C, total fluorescence in each well was recorded in a spectrofluorimeter 

(Perkin-Elmer, Turku, Finland) using 485-nm and 535-nm wavelengths for excitation and 

emission, respectively. Then, nonadherent cells were removed by gentle washing, followed 

by measurement of fluorescence. To calculate percentage of bound cells, values recorded for 

bound cells were compared with total fluorescence from cells before washing [30]. This 

assay was repeated twice in triplicates each time.

2.15. In vivo tumorigenesis and metastasis assay

Mouse orthotopic implantation experiments were performed under a protocol approved by 

the Institutional Animal Care and Use Committee (IACUC). Four to six-week-old athymic 

nude mice (equal number of males and females, housed separately) were purchased and 

maintained as described previously [8,24]. Briefly, after anesthetizing the mice by 

intraperitoneal administration of 120 mg/kg ketamine and 16 mg/kg xylazine, exponentially 

growing MIAPaCa-EV and MIAPaCa-MUC4/X cells (2.5 × 105 cells/50 μl of PBS) were 

orthotopically implanted into the head of the pancreas (vector control, n = 7, and MUC4/X, 

n = 8) [8]. To evaluate tumor growth and metastasis, mice were sacrificed by CO2 

asphyxiation and autopsied on the 50th day after implantation of tumor cells. After 

inspection of macroscopic tumor growth, the pancreas was resected and weighed. Both 

primary tumors and organs with metastases were kept in 10% formalin for 48 h followed by 

embedding in paraffin blocks. Blocks were cut into 0.5 μM-thick sections and processed for 

histochemical analysis.

2.16. H&E and immunohistochemical (IHC) staining

Tissues sections were stained with hematoxylin and eosin (H&E), and IHC was done using 

anti-FLAG (1:200, Sigma-Aldrich), anti-Ki67 (1:200, Cell Signaling Technology), anti-

integrin-β1 (1:300, Cell Signaling Technology) antibodies as described previously [31].
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2.17. Microarray gene expression analysis

Total RNA was isolated using the mirVana miRNA kit (Ambion, Austin, TX, USA). RNA 

yield and purity were measured using a Nanodrop (NanoDrop 1000 spectrophotometer, 

Thermo Scientific, Delaware USA). Affymetrix microarray was used to identify 

differentially expressed genes between MIAPaCa-EV and MIAPaCa-MUC4/X cells. Whole 

genome gene expression profiles were determined by the Microarray Core Facility at the 

University of Kansas Medical Center (UKMC, USA) using Human Gene 2.0 ST arrays 

(Affymetrix, Santa Clara, CA, USA). Target preparation, library labeling, hybridization, 

post-washing, and signal scanning were performed according to the protocol by UKMC. 

Microarray data were analyzed using Affymetrix Power software. Ingenuity pathway 

analysis (IPA) (QIAGEN, Valencia, CA, US) was performed to define canonical pathway 

differences between control and MUC4/X-OE PC cells and generate networks.

2.18. Statistical analysis

Statistical analysis was performed using Medcalc for Windows version 9.6.4.0 software 

(MedCalc Software, Mariakerke, Belgium) for analyzing patient data. Statistical differences 

between two groups was analyzed using unpaired, two-tailed t-test. The quantification is 

shown as the mean ± SD for in vitro studies where statistics refer to technical replicas 

denoted by “n”.

3. Results

3.1. Aberrant expression of MUC4/X in PC tumor tissues

The expression of WT-MUC4 and MUC4/X was investigated in normal pancreatic tissue 

adjacent to pancreatic tumor (NAT) (n = 8) and PC patient tissues [well-differentiated (WD, 

n = 7), moderately-differentiated (MD, n = 9), and poorly-differentiated (PD, n = 10)]. For 

MUC4/X expression assessment, the qPCR forward primer was designed to bind the 

junctional sequence of exons 1 and 4, and the reverse primer to bind the 3′ end of exon 4 

(Supplementary Table S1). We observed significant upregulation of MUC4/X expression in 

PC samples compared to NAT samples (p < 0.005) (Fig. 1c). Interestingly, we also observed 

significantly high MUC4/X expression in PD tissues, compared to the NAT and WD tissues 

(NAT vs. PD, p < 0.005; WD vs. PD, p < 0.001) (Fig. 1d). We observed that all NAT tissues 

showed lower level of MUC4/X with a consistent elevated level WT-MUC4 expression as 

seen in Fig. 1e. While all the PC tissues displayed WT-MUC4 expression, 20% of WD, 40% 

of MD, and 80% of PD tumors showed higher expression of MUC4/X suggesting the WT-

MUC4 and splice variant may complement each other in PC progression. Overall, 

deregulated expression of MUC4/X was observed in PC patient tissues (Fig. 1e and 

Supplementary Fig. S1a). Considering the significant overexpression of MUC4/X in PC, we 

next focused on delineating its pathobiological significance in PC tumorigenesis.

3.2. Overexpression of MUC4/X enhanced the cell proliferation and clonogenicity of PC 
cells in vitro

We examined the expression of MUC4/X in immortalized pancreatic cells in addition to the 

panel of PC cell lines with differential differentiation status. While no expression was 
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observed in immortalized normal pancreatic cell line HPDE, varied expression of MUC4/X 

were observed in PC cell lines with the lowest expression in MIAPaCa and SW-1990 and 

highest expression in BxPC3 cells (Supplementary Fig. S1b). Among these, MIAPaCa, 

PANC-1 and AsPC-1 cell lines do not express WT-MUC4 endogenously while Capan-1, 

BxPC-3, HPAC, and HPAF-II PC cell lines express moderate to high levels of WT-MUC4 

(Supplementary Fig. S1b) [32]. To investigate the functional attributes of MUC4/X, stable 

overexpression of MUC4/X was carried out in MIAPaCa and AsPC-1 cells that do not 

express WT-MUC4 at the protein level, and have very low level of expression at the mRNA 

level (Supplementary Fig. S1b). It is worth mentioning, due to lack of antibodies for 

detecting MUC4/X protein, we generated a dual epitope-tagged MUC4/X mammalian 

expression construct, with N-terminal FLAG-tag and a C-terminal HA-tag (Supplementary 

Fig. S2a). The empty vector transfected cell lines (MIAPaCa-EV/AsPC-1-EV) were used as 

controls. Expression of MUC4/X was verified by immunoblot and immuno-fluorescence 

analyses, using anti-FLAG and anti-HA antibodies (Fig. 2a and Supplementary Fig. S2b). 

Additionally, our qPCR analysis also revealed almost no expression of WT-MUC4 in 

MIAPaCa-MUC4/X and AsPC-1-MUC4/X cells when compared to CD18/HPAF PC cell 

line (CD18/HPAF is a well-differentiated, highly aggressive and metastatic PC cell line) 

which expresses high levels of endogenous WT-MUC4 (Supplementary Fig. S2c) [33]. MTT 

assay revealed significant enhancement of cellular proliferation in MIAPaCa-MUC4/X and 

AsPC-1-MUC4/X cells compared to control cells at 3rd and 4th day time points (Fig. 2b). 

Consistent with MTT assay results, EdU incorporation assay also showed a significantly 

higher percentage of EdU positive MUC4/X-OE cells compared to control cells (p < 0.05) 

(Fig. 2c). As shown in Fig. 2d, we also observed that overexpression of MUC4/X 

significantly increased colony forming ability of MIAPaCa-MUC4/X and AsPC-1-MUC4/X 

cells (p < 0.005) as compared to control cells. Together, these findings support the notion 

that MUC4/X promotes proliferation of PC cells.

3.3. Overexpression of MUC4/X promotes cell invasion and migration

WT-MUC4 has been associated with increased invasion and motility in various malignancies 

including PC [7,34]. To analyze the effect of MUC4/X overexpression on cell invasion and 

migration, we performed a Boyden chamber assay as well as a wound healing assay. As seen 

in Fig. 3a, the number of invasive cells were significantly higher upon MUC4/X 

overexpression in MIAPaCa and AsPC-1 cells than with the control cells (p < 0.005, p < 

0.05). The wound healing assay also revealed significantly enhanced wound closure by 

MUC4/X-OE PC cells compared to control cells (p < 0.005) (Supplementary Fig. S3a–b). 

Overall, overexpression of MUC4/X notably the enhanced invasive and migratory capability 

of PC cells.

Given that the TR domain is a heavily O-glycosylated domain of MUC4, its absence may 

influence the ability of MUC4 to interact with ECM [19]. Thus, we next examined how 

MUC4/X potentiates PC cell adherence to ECM proteins such as fibronectin, vitronectin, 

laminin, collagen IV, and collagen I. Both MUC4/X-OE and control PC cells were plated 

onto various ECM proteins coated 96-well plate. A significant increase in cell adhesion (p < 

0.001) was observed on laminin, vitronectin, and fibronectin-coated wells by MUC4/X-OE 

cells (MIAPaCa and AsPC-1) when compared to control cells (Fig. 3b–c).
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To assess the molecular mechanisms for differential adhesion to ECM proteins and enhanced 

migration/invasion by MUC4/X-OE cells, we examined the impact of MUC4/X 

overexpression on integrin-β1. Integrin-β1 was chosen as it is a known ligand for 

fibronectin, vitronectin, collagen IV and collagen I [35]. Our results revealed increased 

expression of integrin-β1 in MUC4/X-OE cells when compared to controls in conjunction 

with FAK, a non-receptor protein-tyrosine kinase which is involved in cell proliferation, 

invasion, adhesion, and metastasis [36]. Moreover, integrin-β1 plays a role in cell survival 

primarily by phosphorylation of FAK [37]. To delineate the molecular pathways associated 

with increased migration and invasion of PC cell upon MUC4/X overexpression, we 

evaluated its effect on the FAK/ERK signaling pathway. We observed increased expression 

of integrin-β1, phosphorylated FAK and ERK in MIAPaCa-MUC4/X and AsPC-1-MUC4/X 

cells as compared to control cells (Fig. 3d), signifying that MUC4/X might facilitate the 

invasive and metastatic potential of PC cells through the integrin-β1/FAK/ERK pathway. 

Additionally, since our EdU cell proliferation assay showed higher EdU incorporation which 

is generally incorporated in DNA synthesis S phase, we also analyzed the expression of 

cyclin A2, a well-established cyclin that promotes entry into S-phase and also considered as 

cell proliferation marker [38,39]. Corroborating with our in vitro data from the EdU cell 

proliferation assay, overexpression of MUC4/X in both PC cell lines elevated the expression 

of cyclin A2 (Fig. 3d). Overall, our results demonstrate that MUC4/X overexpression 

modulates oncogenic molecules and its downstream signaling to exacerbate the PC 

phenotype.

To better understand the underlying mechanism of MUC4/X tumorogenic potential, 

microarray analysis was performed in MIAPaCa-MUC4/X and control MIAPaCA-EV cells. 

Our results revealed ≥2-fold upregulation of CD44, Sortilin 2, Coronin 2B, integrin-α6, 

integrin-α3, and Interferon α4 (IFN-α4) in MIAPaCa-MUC4/X cells compared to vector 

control cells (Supplementary Fig. S4a). A full list of up- and down-regulated (≥2-fold) genes 

is provided in Supplementary Table S2. Indeed, validation of up-regulated genes from the 

microarray data using qPCR verified > 2-fold increase of CD44, Sortilin 2, Coronin 2B, 

integrin-α6, integrin-α3, IFN-α4, and MUC4 (Supplementary Fig. S4a–b). MUC4 showed a 

44-fold up-regulation in the microarray analysis, resulting from the overexpression of 

MUC4/X as Human Gene 2.0 ST does not contain splicing probe, and MIAPaCa has a very 

low basal expression of WT-MUC4 (Supplementary Fig. S4b). Among the upre-gulated 

genes, CD44 and various integrins have been shown to be involved in promoting the 

tumorigenic potential of PC [40,41]. Moreover, CD44 has been associated with increased 

motility, adhesion, and chemoresistance in other malignancies [41]. Ingenuity Pathway 

Analysis (IPA) showed enrichment of ephrin receptor signaling and the axonal guidance 

pathway in the MIAPaCA-MUC4/X cells (Supplementary Fig. S4c). These have been 

implicated as critical pathways in PC tumorigenesis in previous studies [42,43].

3.4. MUC4/X overexpression fosters tumorigenicity in vivo

In vitro studies of MUC4/X-OE PC cells showed higher proliferative and invasive potential 

when compared to control cells. To ascertain whether the overexpression of MUC4/X can 

promote PC tumor growth and metastasis, we orthotopically implanted (2.5 × 105 cells in 50 

μl of PBS) MIAPaCa-MUC4/X cells or control MIAPaCa-EV cells into the pancreas of 
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athymic nude mice (MIAPaCa-EV, n = 7, and MIAPaCa-MUC4/X, n = 8). At 50 days post-

implantation, we euthanized the mice and observed that tumors formed by MIAPaCa-

MUC4/X PC cells were significantly larger (average weight of 931 ± 291.69 mg) in 

comparison to the control cells (566 ± 178.38 mg) indicating that MUC4/X overexpression 

is involved in exacerbating PC tumorigenicity (p < 0.05) (Fig. 4a–b). Our IHC analysis of 

tumor tissues using anti-FLAG antibody confirmed maintenance of MUC4/X overexpression 

during tumor growth and metastasis (Fig. 4c). We also observed higher Ki-67, and integrin-

β1 expression in MUC4/X-OE xenograft tumors (Fig. 4c). Furthermore, all the mice (8/8) 

implanted with MUC4/X-OE PC cells developed metastasis in distant organs, including 

diaphragm, spleen, and intestine (Supplementary Fig. S5). Interestingly, significant 

metastasis to peritoneal cavity (6/8), liver (5/8), kidney (5/8), mesenteric cavity (5/8) and 

stomach (2/8) was observed compared to control mice (peritoneal 1/7, liver 1/7, kidney 1/7, 

mesenteric cavity 0/7, and stomach 1/7) (Fig. 4d and Supplementary Fig. S5). Metastasis to 

the ovary (2/8), cecum (1/8), colon (1/8), and bladder (1/8) was exclusively observed in 

MUC4/X-OE cell-bearing mice (Fig. 4d and Supplementary Fig. S5). Our results suggest the 

involvement of MUC4/X in tumor growth and distant metastasis.

3.5. MUC4/X increases the adhesive capability to peritoneal LP9/TERT-1 cells

Peritoneal metastasis in PC reflects a devastating form of cancer progression that is intensely 

complex [44]. Probable mechanisms behind this fatal metastasis is augmented expression of 

adhesion molecules and integrin’s, specifically integrin-β1, which play a significant role to 

help the cancer cells to attach to distant mesothelium [44]. As orthotopic transplantation of 

MIAPaCa-MUC4/X cells resulted in significant metastasis to the peritoneal cavity and 

increased expression of integrin-β1, we investigated whether MUC4/X-OE increases the 

adhesion capability of PC cells to immortalized peritoneal LP9/TERT-1 cells. To mimic the 

in vivo conditions where tumor cells would face the surface of the peritoneum, we coated 96 

well plate with immortalized LP9/TERT-1 peritoneal cells follow by subsequent incubation 

with tumor cells (control and MUC4/X-OE) on top of the mesothelial monolayer for 5 h. 

Interestingly, MIAPaCa-MUC4/X (30%, p < 0.05) and AsPC-1-MUC4/X (60%, p < 0.005) 

cells significantly adhered to the mono-layer of LP9/TERT-1 as compared to control cells 

(Fig. 4e). These results suggested that MUC4/X plays a significant role in metastasizing PC 

cells to the peritoneum.

3.6. Overexpression of MUC4/X in the presence of endogenous MUC4, promotes cell 
proliferation, adhesion, and invasion

Both PC patient tissue samples, as well as PC cell lines, showed concomitant expression of 

MUC4 and its splice variant MUC4/X (Fig. 1e, Supplementary Fig. S1a and b). Earlier, 

MUC4 was shown to enhance proliferation, migration, and invasion of PC cells [8,19,34,45]. 

We were interested if the concomitant expression of WT-MUC4 and MUC4/X can 

synergistically enhance the tumorigenic properties of PC cells, or if their expression is 

redundant for cells.

To explore the explicit function of MUC4/X in PC, a tet-on inducible system was developed 

(Fig. 5a). Conditional activation of MUC4/X expression by doxycycline allowed us to 

decipher a gain of function of MUC4/X, in the presence of WT-MUC4. 
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Immunofluorescence and immunoblotting showed robust MUC4/X protein expression after 

48 h of doxycycline treatment (Fig. 5b). Induction of MUC4/X didn’t change the expression 

of WT-MUC4 (Fig. 5b). Thymidine analog EdU incorporation assay revealed that induction 

of MUC4/X in Capan-1 cells resulted in higher cell proliferation compared to doxycycline-

negative Capan-1 cells (Fig. 5c, p < 0.05). Induction of MUC4/X also resulted in a 

significant increase in cell adhesion to ECM proteins such as laminin, collagen, and 

fibronectin (Fig. 5d, p < 0.005), as well as increased cell invasion (p < 0.05) as observed via 
Boyden chamber assay (Fig. 5e). Overexpression of MUC4/X did not change the expression 

of WT-MUC4, suggesting that MUC4/X overexpression mediates the phenomena of 

increased cell proliferation, invasion, and adhesion to ECM. Given that we observed 

MUC4/X overexpression in MIAPaCa, and AsPC-1 cell lines upregulated integrin-β1 and its 

downstream signaling molecules, we next sought to analyze their differential expression in 

tet-on inducible Capan-1 cell lines, in the presence of abundant expression of WT-MUC4. In 

concordance with the above-mentioned findings, doxycycline-induced MUC4/X resulted in 

higher integrin-β1 expression and increased pFAK, pERK and cyclin A2 expression in the 

presence of WT-MUC4 (Fig. 5f). This result suggested that conditional induction of 

MUC4/X in a WT-MUC4 expressing PC cell line, phenocopied the characteristics of 

MUC4/X in a WT-MUC4 negative cell line, emphasizing its tumorigenic role independent 

of WT-MUC4 expression.

4. Discussion

Transmembrane mucin MUC4 has previously been implicated in oncogenesis by initiating 

signaling via interaction and stabilization of HER2 [34]. Importantly, in the context of 

adhesion, the highly glycosylated TR domain of MUC4 has been hypothesized to interfere 

with tumor cell interaction with extracellular matrix (ECM) proteins, in part by blocking 

accessibility of integrins to ECM ligands sterically [19]. It has also been shown that a 

nonglycosylated TR of MUC1 facilitates attachment of tumor cells to the ECM to establish 

metastatic foci [46]. In addition, MUC1 without a TR domain displayed an aggressive PC 

phenotype in vitro and in vivo [47].

Apart from the TR domain, other functional domains of MUC4 has also been associated 

with invasion and metastasis of PC. Earlier studies from our group have suggested that the 

NIDO domain of MUC4, a domain similar to the G1 domain of a basement membrane 

nidogen (entactin), plays a critical role in invasion and metastasis. Deletion of NIDO domain 

from MUC4 decreased PC cells’ invasion and metastasis [24]. Moreover, Tang et al. showed 

deletion of the adhesion-associated domain of MUC4 (AMOP domain) reduced invasion and 

metastasis of PC cells [48].

Overall, transmembrane mucins, with their various unique domains, are implicated in 

invasion and metastasis of tumor cells. Tumor cell invasion and metastasis is a complex 

process involving a delicate balance between adhesion and detachment of cancer cells with 

the ECM. This is initiated by dissemination of cancer cells from primary location followed 

by intravasation and subsequent extravasation through endothelial cells or lymphatics, to 

colonize distant organs [49]. Considering the significant role of MUC4 and its domains in 

intensifying PC malignant phenotype, the present study explored the biological significance 
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of MUC4/X, a splice variant that sans the heavily O-glycosylated TR domain of MUC4, on 

PC cells capability to adhere, invade, and metastasize.

MUC4/X is considered as a unique isoform of WT-MUC4, not only for lacking the TR 

domain, but also because of its adhesion-related functional attributes which are supposedly 

more accessible to the ECM due to the absence of steric hindrance by O-glycosylated TR 

domain. To comprehend the contribution of the TR domain deficient MUC4/X, we explored 

the interaction of MUC4/X overexpressing cells with various ECM components. ECM is a 

dense viscoelastic latticework composed of collagen, laminins, fibronectin, vitronectin, and 

different linker proteins (i.e. nidogen and entactin) which connect collagens with other 

proteins [50]. Cells can perceive direct or indirect signaling from the ECM by interacting 

with different ECM proteins [51,52]. Moreover, integrins can link the ECM to the 

intracellular actin cytoskeleton to commence intracellular signaling events by elevating gene 

expression involved in cell proliferation, survival, and migration [52]. In this regard, it has 

previously been shown that overexpression of MUC1 and MUC4 inhibit integrin-ECM 

interaction [19]. Of note, earlier studies utilizing a microarray of PC cell lines with a MUC1-

TR-deleted construct, revealed upregulation of integrin-β5 [47]. In corroboration with this, 

our microarray data showed the upregulation of integrins (subunit α3 and α6) and CD44 in 

MUC4/X-OE PC cells.

Interestingly, knockdown of the integrin-β1 subunit reduced cell adhesion to ECM proteins 

and decreased PC tumor growth and metastasis [53]. Hence, we investigated the expression 

of integrin-β1, a binding partner of integrin α3 and α6, in MUC4/X overexpressing cells as 

well as in an inducible system. Surprisingly both showed upregulation of the β1 subunit of 

integrin. Integrin-β1 has been observed to play an essential role in cell adhesion, 

proliferation, and metastasis [35,53–55]. Notably, collagen (types I, III, and IV), fibronectin 

and laminin are known ligands for integrin-β1 [35]. The interactions between integrin-β1 

and laminin are crucial for cell survival through FAK signaling [37]. Moreover, adhesion of 

cancer cells to ECM incites the intracellular signaling cascade for cell proliferation and 

invasion via integrin-β1/FAK/ERK signaling [56]. In the present study, we observed a 

similar phenomenon for MUC4/X, which promoted pancreatic malignancy by activating the 

integrin-β1/FAK/ERK pathway.

Peritoneal metastasis is one of the most frequent and deadly forms of PC metastasis [57]. 

Pancreatic tumors with peritoneal metastasis are highly resistant to chemotherapies with 

very poor patient survival (≤12 weeks). Moreover, the presence of peritoneal carcinomatosis 

has been associated with the development of intestinal obstruction, massive ascites, and 

malnutrition and is unfortunately associated with ~22% of patients morbidities [58]. In our 

orthotopic transplantation studies for MUC4/X, we observed significant metastasis to the 

liver and peritoneum. Though the mechanism for peritoneal carcinomatosis is still obscure, 

integrin-ECM interaction between tumor and mesothelial cells is considered as an early 

event in this process [59]. Evidenced by in-tegrin-β1 in ovarian carcinoma cells being 

associated with adhesion of ovarian carcinoma cells to mesothelial cells [30]. Our cell 

adhesion study revealed that MUC4/X overexpression resulted in significant adhesion to 

fibronectin, vitronectin, and laminin. It was shown earlier that LP9/TERT-1 mesothelial cell 

line expresses collagen types I, III, and IV, fibronectin and laminin [30]. Henceforth, we 
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evaluated adhesion ability of MUC4/X-OE cell to LP9/TERT-1 mesothelial cells. Results 

from peritoneal cell adhesion assay suggested that MUC4/X-OE cells have higher adherence 

to immortalized LP9/TERT-1 peritoneal cells as compared to control. We hypothesize that 

upregulation of in-tegrin-β1 by MUC4/X, and the higher adhesion capacity of MUC4/X-OE 

cells to the ECM proteins overexpressed in peritoneal cells, are the causative factors for 

enhanced adhesion and increased metastasis to peritoneum by MUC4/X-OE cells [30].

Considering the differential affinity of MUC4/X toward ECM proteins and WT-MUC4 as 

mentioned in earlier published reports, we speculate that they may either synergistically or 

reciprocally function at various stages of tumor development by potentiating invasion, 

adhesion and metastasis phenomena to drive PC malignancy. MUC4/X over-expression also 

resulted in increased cell proliferation in part by up-regulating cyclin A2, a mammalian A-

type cyclin which is responsible for initiation and progression of DNA replication and G1-S 

phase transition and is considered a proliferation marker [38,39,60]. Similar to our study, 

cyclin A2 overexpression has also been observed in multiple malignancies including breast, 

prostate, colorectal and PC. It has been shown to contribute to the invasion, metastasis and 

tumorigenesis of these various cancers [61,62].

We observed concomitant expression of WT-MUC4 and MUC4/X in PC clinical samples. 

Interestingly, differential expression of MUC4/X was observed in poorly differentiated PC 

tumors. However, our studies were limited by lack of MUC4/X specific antibodies. In the 

future, development of such antibodies could lead to the evolution of improved biomarkers 

for PC detection. Further, to fully resolve the functional significance of MUC4/X, future 

orthotopic studies with an inducible system of MUC4/X in the background of WT-MUC4 

would be carried out. A transgenic mouse model expressing human MUC4/X in the context 

of a pancreatic tumor will provide further insight into the functional relevance of this unique 

splice form.

Together, the results of this study propose the novel role of MUC4/X in PC cell 

proliferation, invasion, adhesion, and metastasis. The role of MUC4/X was investigated 

using in vitro and in vivo models and found to be mediated via upregulation of the integrin-

β1/FAK/ERK pathway (Fig. 6). We have investigated the expression of MUC4/X in a cohort 

of patient tissues as well as cell lines, which suggest its aberrant upregulation in PC. The 

induced expression of MUC4/X in the presence of WT-MUC4 resulted in a high propensity 

of tumor cells to proliferate in addition to an increased capability of invasion, suggesting a 

non-redundant role of this splice variant. To our knowledge, this is the first report on the 

functional and mechanical role of MUC4/X, alone and with WT-MUC4, suggesting its role 

for conferring tumorigenic potential to PC. We have thus provided experimental evidence 

that WT-MUC4 and MUC4/X may be mutually beneficial for PC cells to develop and 

sustain an oncogenic phenotype at different stages of this lethal disease. Studies to determine 

the oncogenic role of a splice variant (in this case, MUC4/X) will help us to understand the 

complex molecular mechanism of PC and design much needed personalized therapeutic 

interventions.
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Fig. 1. 
Expression of MUC4/X and wild-type (WT)-MUC4 mRNA in pancreatic cancer (PC) 

clinical samples and normal adjacent pancreatic tissues (NAT). (a) Schematic diagram of 

WT-MUC4 and MUC4/X mRNA structure. The WT-MUC4 is comprised of 26 exons while 

splice variant MUC4/X is devoid of exons 2 and 3. Exons are represented by box. (b) 

Schematic diagram of the domain structure of WT-MUC4 and MUC4/X. WT-MUC4 is a 

transmembrane mucin characterized by the presence of multiple domains including N-

terminal (NT), Tandem Repeat (TR), Nidogen like (NIDO), Adhesion-associated domain in 

mucin MUC4 and other protein (AMOP), von Willebrand D (vWD), Epidermal Growth 

Factor (EGF), transmembrane (TM), and cytoplasmic (CT) domain. The unique splice 

variant, MUC4/X, is characterized by the presence of all domains of WT-MUC4 except the 

heavily glycosylated and polymorphic TR domain. Diagonally placed blue checker boxes 

represent O-glycosylation within the TR domain present in WT-MUC4. (c–d) Box and 

whisker plots are representing MUC4/X mRNA fold change (log10 transformed) in PC 

tissues and normal tissues adjacent to tumor (NAT) by qPCR and ΔΔCt method. (c) 

Significantly, elevated expression of MUC4/X was observed in pancreatic tumor tissues in 

comparison to NAT tissues (p < 0.005). (d) The qPCR analysis of MUC4/X mRNA 

expression levels in pancreatic NAT, well-differentiated (WD), moderately-differentiated 

(MD), and poorly-differentiated (PD) cases. Elevated expression of MUC4/X was observed 

in PD pancreatic tumors in comparison to NAT (p < 0.005) as well as WD tumors (p < 

0.001). Two-tailed Student’s t-test was used to determine the statistical difference between 

two groups. The circle represents individual mRNA expression in NAT tissues whereas 

triangle represents PC cases. The interquartile range (IQR) for MUC4/X expression is 

presented by box and whisker plot (horizontal line represents the 25th percentile, median 

and 75th percentile and whisker represents 5th and 95th percentile). (e) Line diagram is 
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representing mRNA fold change (log10 transformed) of both WT-MUC4-and MUC4/X in 

PC tissues and normal tissues adjacent to tumor by qPCR and ΔΔCt methods in NAT, WD, 

MD, and PD groups. Each line represents individual patient data for WT-MUC4 and 

MUC4/X where the left and right endpoint represent fold change of WT-MUC4 and 

MUC4/X expression respectively. β-actin was used as an internal control to normalize the 

expression of respective gene, and normal human pancreatic ductal epithelial (HPDE) cell 

line mRNA expression levels were used as calibrant control for determining fold change 

across patient groups. Y-Axis represent value as fold change (log10 relative quantification) 

relative to HPDE.
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Fig. 2. 
Functional implications of overexpression of the MUC4/X on PC cell proliferation and 

colony formation. (a) MUC4/X was cloned into the N-terminus FLAG-tagged, and the C-

terminus HA-tagged p3XFLAG-CMV™-9 vector followed by stable transfection into WT-

MUC4 non-expression PC cell lines MIAPaCa and AsPC-1. (Upper panel) Immunoblot 

analyses using anti-FLAG antibody was performed to assess the expression of MUC4/X. 

MUC4/X overexpression was observed in stably transfected MIAPaCa-MUC4/X and 

AsPC-1-MUC4/X cells whereas no expression was detected in empty vector (EV) 

transfected cells. (Lower Panel) Immunofluorescence analyses for MUC4/X using anti-

FLAG antibody showed expression of MUC4/X in MIAPaCa-MUC4/X, and AsPC-1-

MUC4/X PC cells while no expression was observed in vector alone transfected cells. (b) 

MTT assay was performed to assess the impact of MUC4/X overexpression on cellular 

proliferation. Significant higher cell proliferation in MIAPaCa-MUC4/X and AsPC-1-

MUC4/X cell lines were observed as compared to vector transfected control cells at 3rd and 

4th days (MIAPaCa-EV/AsPC-1-EV) (**p < 0.01, *p < 0.05). Line diagram represents the 

OD value at 450 nm (mean ± SD, n = 3). (c) EdU cell proliferation assay was performed to 

assess the impact of MUC4/X overexpression on PC cell proliferation. MUC4/X-OE cells 

had a higher number of EdU positive proliferating (green fluorescent) cells as compared to 

control vector transfected cells (p < 0.05) after 24 h of incubation with EdU. Nuclei staining 

with DAPI represents total number of cells. Accompanying bar diagram demonstrates the 

quantitative measurement for percentages of EdU positive green fluorescent cells (mean ± 
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SD, n = 3). (d) Colony forming assay suggested MUC4/X-transfected MIAPaCa and 

AsPC-1 cells formed significantly greater number of colonies than the control cells (p < 

0.005). The corresponding bar diagram represents quantitative analysis of an average 

number of colonies (mean ± SD, n = 3) observed per well of six-well plates. The two-tailed, 

unpaired t-test analyses was used to determine significance between two groups. These 

results suggest MUC4/X overexpression promotes cell proliferation and colony formation.
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Fig. 3. 
Functional and molecular implication of MUC4/X overexpression on PC cell. (a) Boyden 

chamber assay was performed to evaluate the impact of MUC4/X overexpression on invasive 

property of tumor cells. Higher number of invaded cells were observed in MUC4/X 

overexpressing MIAPaCa (p < 0.005) and AsPC-1 (p < 0.05) cells in comparison to control 

cells. Bar diagram represents the average number of invaded cells per field (mean ± SD, n = 

5). (b–c) Cell attachment assay on ECM coated plate was performed to assess adhesion 

property of MUC4/X-OE and control cells. MUC4/X overexpression increased cell adhesion 

to extracellular matrix proteins including fibronectin, vitronectin, and laminin (**p < 0.001). 

For statistical significance comparison of two groups, a two-tailed, unpaired t-test was 

performed. Bar diagram represents mean OD value at 570 nm (mean ± SD, n = 3). BSA 

served as negative control for adhesion assay studies. (d) To analyze oncogenic signaling 

pathway activated by MUC4/X, we performed immunoblotting for integrin-β1, pFAK, tFAK 

(total FAK), pERK, tERK (total ERK) and cyclin A2. β-actin was used as a loading control. 

Fold change was assessed by quantitative analyses of immunoblotting results upon 

overexpression of MUC4/X as compared to control cells (represented by numerical value 

underneath immunoblot results). MUC4/X overexpression led to upregulation of integrin-β1, 

pFAK, and pERK in both MIAPaCa and AsPC-1 cell line. These results demonstrate that 

MUC4/X overexpression increased cell invasion and cell adhesion to ECM by modulating 

integrin-β1/FAK/ERK pathway.
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Fig. 4. 
Effect of MUC4/X overexpression on tumor growth and metastasis in vivo. Orthotopic 

transplantation in the pancreas of nude mice was performed to evaluate the tumorigenic 

potential of MUC4/X in vivo. (a) MIAPaCa-EV and MIAPaCa-MUC4/X cells (2.5 × 105) 

were orthotopically implanted into the pancreas of nude mice (MIAPaCa-EV (n = 7), 

MIAPaCa-MUC4/X (n = 8)). Orthotropic implantation of MIAPaCa-MUC4/X cells shows 

increased tumor-forming ability as compared to the vector-transfected cells. Upper panel 

image represents extracted tumors from both control and MUC4/X overexpressed groups. 

The lower panel shows the anatomic image of tumor resection from control and MUC4/X-

OE groups. (b) The tumors were excised from mice weighed and averaged; the box and 

whisker plot displays the tumor weights of mice from control and experimental groups. Mice 

that received MIAPaCa-MUC4/X cells manifest greater tumor weight compared to the mice 

which received MIAPaCa-EV cells (p < 0.05). The box and whisker plot represent the 

interquartile range (IQR) (horizontal line represents the 25th percentile, median and 75th 

percentile and whisker represents 5th and 95th percentile). The red dot represents outliers. 

Data were analyzed using two-tailed unpaired t-test to determine statistical significance. (c) 

H&E, as well as immunohistochemistry of FLAG (for assessing MUC4/X expression), 

Ki67, and integrin-β1 was performed on extracted tumor section. IHC revealed elevated 

level of MUC4/X, Ki67 and integrin-β1 in MIAPaCA-MUC4/X mice group in comparison 

to MIAPaCa-EV group. (d) Micrographs of H&E stained sections showed metastasis to 

kidney, intestine, colon, bladder, liver, stomach, diaphragm and peritoneum in the MIAPaCa-

MUC4/X injected cells in nude animals. Scale bar is displayed in each image (100 μm). N 

represents the normal tissues of the organ whereas, C represents cancer cells in the same 

organ. (e) Representative immunofluorescent images from peritoneal adhesion assay are 

suggesting that AsPC-1-MUC4/X (p < 0.005) and MIAPaCa-MUC4/X (p < 0.05) cells have 
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higher cell adhesion to LP-9 peritoneal mesothelial monolayer as compared to control cells. 

Accompanying bar diagram represents the mean value of the percentage of cells (mean ± 

SD, n = 3) adhered to peritoneal cells. Data was analyzed using two-tailed unpaired t-test to 

determine significance. These results demonstrate that overexpression of MUC4/X promotes 

tumor growth and metastasis in vivo.
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Fig. 5. 
Mechanistic implication of MUC4/X in the background of WT-MUC4. (a) Schematic layout 

for MUC4/X induction in WT-MUC4 expressing PC cells. Upon doxycycline treatment, the 

conformational change of rtTA (reverse tetracycline-controlled transactivator) results in 

binding with TRE (Tet Response Element) which in-turn leads to induction of MUC4/X. (b) 

Immunoblotting (lower panel) and confocal images (upper panel) showing induction of 

MUC4/X expression upon doxycycline treatment in WT-MUC4 expressing Capan-1 cells. 

No alteration in the expression of WT-MUC4 was observed on induction of MUC4/X. (c) 

Doxycycline induction of MUC4/X resulted in higher cell proliferation within 24 h in the 

background of WT-MUC4 as indicated by EdU cell proliferation assay. Accompanying bar 

diagram shows an increase in the percentage of the proliferative cell upon MUC4/X 

induction (p < 0.05). (d) Induction of MUC4/X resulted in significantly higher cell adhesion 

to the ECM proteins (**p < 0.005). The corresponding bar diagram represents OD value 

(mean ± SD, n = 3). BSA served as a negative control. (e) Boyden Chamber assay is 

demonstrating that induction of MUC4/X in Capan-1 cell line resulted in higher number of 

invaded cells. Accompanying bar diagram represents the number of invaded cells per field 

(mean ± SD). (f) Western blots indicate that increased expression of integrin-β1, pFAK, 

pERK and cyclin A2 upon induction of MUC4/X in Capan-1 cells. β-actin was used as a 

loading control. Each blot represents the numerical fold change value upon overexpression 

of MUC4/X.
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Fig. 6. 
Molecular mechanism of MUC4/X mediated oncogenic signaling in PC tumorigenesis. 

Schematic diagram showing the oncogenic role of MUC4/X in PC. Ectopic expression of 

MUC4/X in PC cells resulted in elevated expression of integrin-β1 and increased adhesion 

to ECM thereby activating downstream FAK/ERK signaling along with cyclin A2 

overexpression. Activation of this signaling cascade results in cell proliferation, adhesion, 

invasion, and metastasis. When the expression of MUC4/X is induced ectopically along with 

WT-MUC4, it also exhibited a similar aggressive oncogenic phenotype. Overall, 

overexpression of MUC4/X leads to enhanced aggressiveness of PC.
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