
Muc4 loss mitigates epidermal growth factor receptor activity 
essential for PDAC tumorigenesis

Rakesh Bhatia1, Jawed Akhtar Siddiqui1, Koelina Ganguly1, Christopher M Thompson1, 
Andrew Cannon1, Abhijit Aithal1, Naveenkumar Perumal1, Shailendra K Maurya1, Xiaoqi 
Li1, Jesse L. Cox2, Channabasavaiah B Gurumurthy3, Satyanarayana Rachagani1, Maneesh 
Jain1,4, Mohd. Wasim Nasser1, Surinder K. Batra1,4,5,*, Sushil Kumar1,4,*

1Department of Biochemistry and Molecular Biology, University of Nebraska Medical Center, 
Omaha, NE, U.S.A.

2Department of Pathology and Microbiology, University of Nebraska Medical Center, Omaha, NE, 
U.S.A.

3Department of Pharmacology and Experimental Neuroscience, University of Nebraska Medical 
Center, Omaha, NE, U.S.A.

4Fred and Pamela Buffett Cancer Center, Omaha, NE, U.S.A.

5Eppley Institute for Research in Cancer and Allied Diseases, University of Nebraska Medical 
Center, Omaha, NE, U.S.A

Abstract

Mucin4 (MUC4) appears early during pancreatic intraepithelial neoplasia-1 (PanIN1), coinciding 

with the expression of epidermal growth factor receptor-1 (EGFR). The EGFR signaling is 

required for the onset of Kras-driven pancreatic ductal adenocarcinoma (PDAC); however, the 

players and mechanisms involved in sustained EGFR signaling in early PanIN lesions remain 

elusive. We generated a unique Esai-CRISPR-based Muc4 conditional knockout murine model 

to evaluate its effect on PDAC pathology. The Muc4 depletion in the autochthonous murine 

model carrying K-ras and p53 mutations (K-rasG12D; TP53R172H; Pdx-1cre, KPC) to generate 

the KPCM4−/− murine model showed a significant delay in the PanIN lesion formation with 

a significant reduction (p<0.01) in EGFR(Y1068) and ERK1/2 (T202/Y204) phosphorylation. 

Further, a significant decrease (p<0.01) in Sox9 expression in PanIN lesions of KPCM4−/− mice 

suggested the impairment of acinar-to-ductal metaplasia in Muc4-depleted cells. The biochemical 

analyses demonstrated that MUC4, through its juxtamembrane EGF-like domains, interacts with 

the EGFR ectodomain, and its cytoplasmic tail prevents EGFR ubiquitination and subsequent 
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proteasomal degradation upon ligand stimulation, leading to sustained downstream oncogenic 

signaling. Targeting the MUC4 and EGFR interacting interface provides a promising strategy 

to improve the efficacy of EGFR-targeted therapies in PDAC and other MUC4-expressing 

malignancies.
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Introduction

Constitutive activation of mutant Kras is a major cause of the onset of pancreatic ductal 

adenocarcinoma (PDAC). However, the early molecular events involved in tumorigenesis 

remain inadequately defined. The first noticeable event at the cellular level after Kras 

activation in murine models is the transdifferentiation of pancreatic acinar cells into ductal 

phenotype, known as acinar-to-ductal metaplasia (ADM). The activating Kras mutations 

irreversibly lock acinar cells undergoing ADM into a ductal phenotype [1], further 

progressing to more complex ductal structures characterized as pancreatic intraepithelial 

neoplasia (PanIN) [2, 3]. Besides the important contribution of Krüppel-like factor 4 

(KLF4) and SRY-box transcription factor 9 (SOX9) in PDAC initiation [4, 5], earlier 

studies on ADM suggest its primary dependence on epidermal growth factor receptor-1 

(EGFR) activation [6-8]. The appearance of metaplastic ducts [9] increases significantly 

upon treatment with EGFR-ligands like EGF and TGF-α in vivo [6, 10]. The EGFR and 

its ligands are significantly upregulated [7, 11] even before tumor initiation in mutant 

Kras-expressing mice, suggesting that activation of EGFR precedes PDAC tumorigenesis 

[7]. Further, consistently lower activation of Ras/MEK/ERK and PI3K/AKT signaling and 

the absence of early PanINs in K-RasG12D; EGFR knockout mice [6, 12] establish the 

essential requirement of EGFR signaling in PDAC initiation. Unlike malignancies such as 

lung, brain, and colon cancers, where EGFR mutations lead to its constitutive activation, 

these mutations are infrequent and rare in PDAC [13]. Instead, the mechanism of prolonged 

oncogenic signaling is critical for PDAC initiation, involving membrane stabilization and 

altered trafficking of EGFR upon ligand stimulation [14, 15]. However, the mechanisms 

and molecules responsible for prolonged EGFR signaling during PDAC tumorigenesis and 

progression are poorly understood.

Another hallmark of PDAC is the de novo expression of mucins during the initial 

stages of the disease. Mucin expression and secretion are the characteristic feature of 

epithelial cells but are generally considered inert molecules that are merely involved in 

establishing a mucinous barrier [16, 17]. However, studies have shown that these mega-

Dalton glycoproteins can also contribute to the aggressiveness of cancer [18, 19]. Among 

all mucins, MUC4 is unique due to the presence of multiple functional domains, divided 

into N-terminal alpha and C-terminal beta domains based on the putative cleavage site. The 

N-terminal alpha region contains a glycosylated tandem-repeat region, nidogen-like domain 

(NIDO), adhesion-associated domain in MUC4, and other proteins (AMOP). In contrast, the 
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beta region contains von Willebrand factor type D (vWD), three juxtamembrane EGF-like 

domains, and a cytoplasmic tail (CT) [20]. MUC4 is absent in normal and inflamed pancreas 

but expressed early upon oncogenic insult. In PDAC, MUC4 has been associated with 

proliferation, chemoresistance, metastasis, and poor survival [19]. However, the majority of 

these studies focused on the advanced stages of PDAC using cell lines, and its role during 

PDAC inception remains elusive due to the lack of appropriate murine models.

In the present study, we generated a pancreas-specific Muc4 conditional knockout mouse 

model using a novel conditional-by-inversion (COIN) strategy by inserting an inversion 

cassette containing a stop codon and 3X polyA in the first intron. Surprisingly, conditional 

Muc4 knockout (M4−/−) in a KrasG12D; TP53R172H; Pdx1-Cre (KPC) background 

significantly delayed the appearance of PanIN lesions. Further investigations showed a 

significant decrease in EGFR and downstream ERK1/2 activity in the pancreatic tissues 

of KPCM4−/− mice. Mechanistically, MUC4 physically interacts with EGFR in a ligand-

dependent manner, sustaining the oncogenic signaling required for ADM and PanIN 

lesion formation. MUC4 maintains EGFR stability on the cell surface by inhibiting its 

ubiquitination-mediated degradation upon ligand stimulation.

Materials and Methods

Generation of conditional MUC4 knockout (KO) mouse model:

The Muc4 genomic region has an unusually complex exon-intron structure. Exon 2 (8.4 

kb) contains most of the coding sequence and would be ideal to flox to ensure the deletion 

of the significant part of the protein. But the traditional approaches using a one-targeting 

construct would be very challenging to flox such a large exon [21, 22]. To address this 

issue, we employed the conditional by inversion (COIN) strategy [23]. Following the Easi-
CRISPR strategy, a single-stranded DNA cassette was inserted into the genome. The sgRNA 

(CTAACCACTTAAGTGGTGCA) chosen for knocking in the DNA cassette targets the 

Muc4 gene at 2308 bases upstream of the exon 2. (See Supplementary Material for details).

Genetically engineered mouse models of PDAC:

All experimental animal models and protocols were approved by the Institutional Animal 

Care and Use Committee (IACUC) at the University of Nebraska Medical Center 

(UNMC). The Kras+/−LSLG12D mice were bred with mice carrying Pdx-1cre (KC) 

or both TP53+/−LSLR172H and Pdx-1cre (KPC) in C57BL/6 background. The pancreas-

specific conditional MUC4 knockout (KPCM4−/−) animals were generated by breeding 

M4COIN/COIN mice with KPC mice. Both male and female mice were used to investigate 

the role of Muc4 in PDAC pathology. For animal studies based on tumor weight compared 

to the age group, n=3 (only for more than 30 weeks of age) to n=10 animals were used. 

Animals were humanely euthanized at the indicated time points or closer to morbidity. 

Dissected pancreata were processed for RNA, protein, and histological analysis using the 

standard protocols.
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Cerulein treatment for inflammation-driven ADM:

Both male and female KC and wild-type mice (6-8 weeks) were treated with cerulein (75 

μg/kg) by giving eight intraperitoneally (i.p.) injections per hour for two alternate days 

as per the staggered protocol [24]. Considering the last injection as day 0 of treatment, 

mice were humanely euthanized at 2- and 7-days post-injection. The tissues were harvested, 

buffered formalin-fixed, and processed for histological analysis.

Cell lines and primary acinar cell culture:

Br404, Br451, and Br317 mouse PDAC cell lines were derived from KPC and KPCM4−/− 

mice pancreata and authenticated for KrasG12D and TP53R172H mutations. Mouse acinar cell 

line (266.6) and human PDAC cell lines, such as CD18/HPAF, Colo357, and AsPC-1, were 

procured from American Type Culture Collection (ATCC), authenticated by STR profiling 

and maintained/stored frozen as per standard protocol. The AsPC-1 cell lines expressing 

a control vector or the different MUC4β subunit constructs were prepared and maintained 

in antibiotic selection using 100 μg/ml of zeocin. On the other hand, CD18/HPAF cells 

with stable shRNA-mediated MUC4 KD were generated and maintained in 2 μg/ml of 

puromycin.

Quantification and statistical analysis:

Histology scores representing intensity and percentage area covered for different antibodies 

on animal tissues were compared using a student’s t-test. Densitometry on western blots 

was performed using ImageJ1.52s software, and the student’s t-test determined statistical 

significance from three independent experiments. To test the hypothesis, power analysis 

for difference in tumor weight was performed considering normal distribution, two-tailed 

analysis and significance less than 0.05 (p<0.05) and power of 0.8. Results with p-values 

less 0.05 were considered as statstically significant. Confocal data was quantified from 

patient tissues using ZEN 2.3 SP1 black edition software.

Supplementary methods:

Additional experimental methods, including bioinformatics analysis [25] and key resources 

(supplementary Table 1), are available in the supplementary information.

Results

Conditional genetic ablation of Muc4 significantly delays PanIN lesion formation.

To investigate the contribution of early expression of Muc4 in PDAC biology, we 

conditionally ablated Muc4 utilizing a conditional by inversion (COIN) strategy [23] using 

the Easi-CRISPR method [26, 27]. The Muc4 genomic organization is unusually complex. 

Of the 25 exons, exon 2 contains >70% of the coding sequence (8484 out of 11970 bases) 

that is mostly repetitive (Fig. S1), and the traditional approaches using a one-targeting 

construct would be very challenging to flox such a large exon [21, 22]. Therefore, we 

employed the COIN strategy [23]. Upon Cre recombinase-mediated inversion, the cassette is 

flipped to provide a strong splice acceptor site for exon 1, leading to premature termination 

and Muc4 depletion (Figs. 1A, S1, S2A, and S2B). The Muc4COIN mice were bred with 
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KPC mice to generate KPCMuc4−/− (KPCM4−/−) mice (Fig. 1A). Validation on pancreatic 

tissues, cell lines derived from KPC/KPCM4−/− pancreas (Figs. 1C, S2C, and S2D), mouse 

tail and cell line genomic DNA (Fig. S2E) confirmed the successful MUC4 deletion and a 

plausible nonsense-mediated decay of the recombined transcript after inversion. The in-situ 
hybridization confirmed complete Muc4 depletion in KPCM4−/− mice pancreatic lesions 

using specific probes targeted to exon 2 (Fig. 1B).

The KPC and KPCM4−/− animals were followed for tumor progression. Interestingly, we 

observed a significant delay in tumor initiation in KPCM4−/− mice compared to KPC 

littermates. The KPC animals developed PanIN lesions at 5-weeks and tumors by 20 weeks, 

as shown in previous studies [28]. However, PanIN lesions developed significantly later in 

KPCM4−/− mice, appearing around 15 weeks of age, and the majority of mice survived 

up to 60 weeks postnatally (Figs. 1D and 1E). This delay in initiation was associated with 

significantly lower pancreas weight (Fig. 1F) and the ratio of the pancreas to body weight 

(Fig. 1G) in KPCM4−/− mice compared to the KPC mice. As conditional Muc4 depletion 

significantly delays the onset of PanIN lesion formation, we subsequently focused on the 

role of Muc4 in PDAC initiation.

Muc4 ablation significantly reduced EGFR-mediated signaling.

To understand how Muc4 deletion delayed PanIN formation, we performed gene ontology 

enrichment analysis in MUC4 high- and low- expressing patient samples using the TCGA 

dataset and observed the enrichment of SH2 domain binding function, depicting its 

involvement in tyrosine kinases-driven signaling pathways (Fig. 2A). Next, we correlated 

TCGA MUC4 expressing samples with matched reverse-phase proteomic data from the 

TCGA patients and observed a significant correlation (Rho= 0.22 and p= 0.029) between 

MUC4 transcript and pEGFR Y1068 levels, suggesting a higher activation of EGFR 

signaling in the presence of MUC4 (Fig. 2B). This correlation of MUC4 in EGFR signaling 

was further validated in vivo by a significant decrease in pEGFR (Y1068) and pERK1/2 

(T202/Y204) levels in histology-matched (Figs. 2C and 2D), KPCM4−/− (30-40 weeks) 

PanIN lesions compared to KPC mice (11-20 weeks), as well as in age-matched lesions 

(Fig. S3A). Further, we found a significant reduction in the levels of pEGFR (Y1068) 

and downstream ERK1/2 phosphorylation (T202/Y204) in the pancreatic lysates from 

KPCM4−/− compared with KPC mice (Fig. 2E). To rule out the possibility that the lower 

phosphorylation status of EGFR is due to lower ligand expression in KPCM4−/− animals, 

we first analyzed the expression levels of different EGFR-ligands in a cellularity-corrected 

PDAC TCGA dataset. Interestingly, heparin-binding EGF-like growth factor (HBEGF) and 

amphiregulin (AREG) were the two most significantly expressed EGFR-ligands, followed 

by transforming growth factor-alpha (TGFα) and epiregulin (EREG). The EGF, betacellulin, 

and epigen were not expressed to noticeable levels (Fig. 2F). This data was further 

confirmed using two different PDAC microarray data sets, which also showed higher 

expression of HBEGF and AREG; however, total EGFR levels remain unaltered (Figs. 

S3B-S3E). Interestingly, the expression levels of four highly expressed EGFR-ligands were 

not significantly different in the KPC and KPCM4−/− mice (Fig. 2G). Concurrently, we did 

not observe any change in the expression of other mucins (Figs. S4A and S4B), including 

Muc1, Muc5ac, and Muc16 in KPCM4−/− pancreatic tissues and cell lines, suggesting that 
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lower EGFR phosphorylation status in the PanIN lesions is primarily driven by the lack of 

Muc4 expression (Figs. S4C and S4D). Together, the delay in tumor initiation and decrease 

in the activation status of EGFR and ERK1/2 in PanIN lesions of KPCM4−/− mice suggest 

that Muc4 significantly enhances the EGFR signaling essentially required for Kras-driven 

PDAC tumorigenesis [6, 7].

Decreased EGFR activity upon Muc4 depletion reduces Sox9 expression and ADM.

The Sox9 expression is critical for ductal transdifferentiation of pancreatic acinar cells [4], 

which in PDAC is regulated by multiple mechanisms [29]. Interestingly, Sox9 expression 

was significantly reduced in ADM and PanIN1 and −2 lesions in KPCM4−/− mice (Figs. 

3A and 3B). A significant decrease in Sox9 and CK19 expression in the tissues and tissue 

lysates of the pancreata from KPCM4−/− compared to KPC mice further corroborated 

these findings (Fig. 3C and Fig. S5A). However, we did not observe any change in 

Klf4 expression (Figs. S5B and S5C), another molecule involved in ADM, suggesting 

that the Muc4-mediated increase in EGFR activity facilitates ADM by upregulating Sox9 

expression. Further, the ducts showed significantly lower Ki67 staining in KPCM4−/− vs. 

KPC pancreas (Figs. 3D and Fig. S5D). In line with a previous report [30], we observed 

a substantial decrease in SOX9 expression after erlotinib treatment in the PDAC cell line, 

CD18/HPAF (Fig. 3E), in the presence of HBEGF. To further evaluate the dependence 

of SOX9 on MUC4, we silenced MUC4 (Fig. 3F) in CD18/HPAF cells and treated 

them with HBEGF. As expected, in the absence of MUC4, HBEGF failed to upregulate 

SOX9 expression to the level of MUC4-proficient cells, demonstrating the importance of 

MUC4 in EGFR-mediated regulation of SOX9 (Fig. 3G). We next performed an ex vivo 
experiment by transducing primary pancreatic acinar cells from KrasLSLG12D/+ (K) and 

KrasLSLG12D/+ MUC4COIN/COIN (KM) mice with GFP-expressing Cre-adenovirus (Ad-cre-

GFP) and treated them with mHBEGF (Fig. 3H). Compared to the K mice, acini from KM 

mice showed fewer ductal structures and reduced growth (GFP expression) after mHBEGF 

treatment (Figs. 3I and 3J), as well as lower phosphorylation status of EGFR (Y1068) and 

ERK1/2 (T202/Y204) and reduced expression of Sox9 (Fig. 3K). Collectively, our results 

suggest that MUC4 potentiates EGFR signaling upon ligand treatment, which increases the 

expression of Sox9, promoting ADM and PanIN lesion formation.

Muc4 expression correlates with higher EGFR activation during ADM.

As Muc4 expression appears early during ADM, we investigated the correlation between 

Muc4 and pEGFR (Y1068) in early PanINs in a comparatively slow-progressing KC murine 

model. The IHC analysis revealed significant co-expression of Muc4 and pEGFR (Y1068), 

especially in the trans-differentiation zone (ADM) and in early PanIN lesions of KC mice 

(Figs. 4A and 4B). Correlation of histology score demonstrated a significant correlation 

between Muc4 and pEGFR (Y1068) in PanIN-1 (r= 0.558; p= 0.05) (Fig. 4C) and moderate 

correlation in PanIN-2 (r= 0.227) lesions (Fig. 4D), suggesting that early lesions express 

both Muc4 and EGFR. Previous studies have shown that pancreatic inflammation accelerates 

the formation of ADM and PanIN lesions due to increased infiltration of macrophages 

that contribute to EGFR ligands [31, 32]. Therefore, we analyzed Muc4 and pEGFR 

(Y1068) co-expression in KC mice after cerulein-induced pancreatic inflammation (Fig. 4E). 

Interestingly, KC mice showed much stronger expression and correlation (r= 0.654; p= 0.07) 

Bhatia et al. Page 6

Oncogene. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of Muc4 and pEGFR (Y1068) in transdifferentiating zones after cerulein treatment (Figs. 4F 

and 4G). To further analyze the clinical relevance of MUC4, we analyzed the co-expression 

of MUC4 and pEGFR (Y1068) in Whipple samples from PDAC patients. Interestingly, we 

observed a strong co-localization of MUC4 and pEGFR (Y1068) (Fig. 4H) (co-localization 

coefficient = 0.405; p = 0.0001) (Fig. 4I) in PanIN lesions (Fig. S6A) associated with the 

PDAC tumor tissues. Together, this data demonstrates that MUC4 expression and EGFR 

phosphorylation correlate significantly in ADM, early PanIN lesions, and pancreatic tumor 

tissues.

MUC4 physically interacts and stabilizes EGFR on the plasma membrane upon activation.

Based on the co-localization of MUC4 and pEGFR (Y1068) in patient samples and the 

presence of three EGF-like domains in MUC4, we evaluated the possibility of physical 

interaction between MUC4 and EGFR, utilizing PDAC cell lines, CD18/HPAF and 

Colo357. First, unlike EGF, the HBEGF and AREG treatments led to sustained EGFR 

phosphorylation at serine (S1046/7) and tyrosine (Y1068) residues in both cell lines. 

The EGF treatment showed peak phosphorylation in the first 30 min; however, HBEGF 

maintained higher phosphorylation status up to 6h. Similarly, AREG treatment induces 

maximum EGFR phosphorylation at 2 h, which stayed significantly high up to 6h in both 

Colo357 (Figs. 5A and 5B) and CD18/HPAF (Figs. S6B and Fig. 5C) cells. Next, we 

immunoprecipitated EGFR in the presence of HBEGF and probed for MUC4 as well as 

MUC1 and MUC5AC to ascertain the specificity of the EGFR interaction. Interestingly, 

compared to MUC1 and MUC5AC (Figs. S6C and S6D), MUC4 interacted with EGFR in 

both CD18/HPAF and Colo357 cell lines in a ligand-dependent manner (Fig. 5D). Unlike 

a previous report [33], we did not observe MUC1 Co-IP with EGFR, which might be due 

to the negligible galectin-3 in the culture supernatant (Fig. S6E), which is required for 

MUC1 and EGFR interaction. Next, we performed reciprocal Co-IP using MUC4 tandem 

repeat (8G7) and β-subunit (6E8) antibodies. Unlike the tandem repeat antibody, the anti-

MUC4β (M4β) subunit antibody showed robust EGFR and pEGFR (Y1068) enrichment 

upon stimulation with HBEGF (Fig. 5E). Further, HBEGF and AREG treatments resulted in 

higher EGFR pulldown than EGF treated and untreated controls (Fig. 5F), suggesting that 

phosphorylated EGFR preferentially interacts with MUC4. Moreover, MUC4-silenced cells 

exhibited lower pEGFR (Y1068) levels than control cells, suggesting that MUC4 stabilizes 

pEGFR after ligand treatment (Fig. 5G).

Next, we investigated the impact of MUC4 on the fate of pEGFR. The MUC4 KD 

(ShMUC4) in CD18/HPAF cells led to a significant decrease in EGFR phosphorylation 

(Y1068, S1046/7) up to 60 min compared with MUC4-proficient (MUC4Scr) cells in 

response to HBEGF (Figs. 5H and 5I) and AREG treatment (Figs. 5J and 5K). The decrease 

in the phosphorylation status of downstream effectors such as FAK, AKT, and ERK1/2 

in treated ShMUC4 cells (Fig. 5L) further cemented the role of MUC4 in sustaining 

EGFR signaling in PDAC. Similar results were observed in murine cell lines derived 

from KPCM4−/− PDAC tissues, whereas the KPC-derived cell line showed sustained EGFR 

phosphorylation compared to the KPCM4−/− cells (Fig. S7A). Previously, MUC4 has been 

shown to interact with HER2 [34], a ligand-less receptor expressed during advanced stages 

of PDAC development [35]. Therefore, we examined whether HER2 mediates the MUC4-
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EGFR interaction. The HER2-proficient (HER2Scr) and KD (ShHER2) cells (Fig. S7B) 

in the presence of HBEGF showed no difference in EGFR Co-IP with MUC4 (Fig. S7C), 

suggesting that the MUC4-EGFR interaction is HER2-independent.

MUC4 cytoplasmic tail inhibits EGFR ubiquitination for sustained signaling.

Next, we sought to identify the region of MUC4 that interacts with EGFR and the 

mechanism of increased stability of pEGFR. We focused on MUC4β as it contains three 

EGF-like domains (Fig. S7D) and generated 3xflag-tagged truncated MUC4β constructs, 

deleting one domain at a time (Figs. 6A, S7E, S7F, and S8A). The reciprocal Co-IP 

demonstrated a physical interaction between MUC4β and EGFR upon ligand stimulation 

(Fig. 6B). The domain deletion constructs showed that MUC4 and EGFR interaction 

is stabilized by the second and third juxtamembrane EGF-like domains of MUC4 (Fig. 

S8B). For reciprocal Co-IP, we co-transfected myc-tagged full-length EGFR and its 

extracellular domain [36] along with 3xflag-tagged MUC4β. The Co-IP with Flag antibody 

demonstrated that MUC4 interacts with the EGFR extracellular domain (Fig. 6C). The 

MUC4β-transfected cells showed increased EGFR phosphorylation at indicated time points, 

suggesting that the MUC4β is sufficient for sustaining prolonged EGFR activation (Fig. 6D). 

As MUC4β interacts with the EGFR extracellular domain and maintains EGFR activity, we 

analyzed pEGFR stability on purified plasma membrane fraction from MUC4β-transfected 

cells. Unlike vector controls, MUC4β-expressing cells treated with HBEGF demonstrated 

a significantly higher pEGFR stability, especially in the plasma membrane fraction (Figs. 

6E and 6F), suggesting that MUC4 interacts with EGFR through its EGF-like domains in a 

ligand-dependent manner and maintains pEGFR activity on the plasma membrane.

Previous studies have shown that the plasma membrane stability of EGFR is altered by 

the ubiquitination status of its tyrosine kinase domain; therefore, we analyzed pEGFR 

ubiquitination in cells with MUC4 KD. The MUC4Scr and KD cells were treated with 

HBEGF, and EGFR ubiquitination was analyzed in the EGFR-immunoprecipitated fraction. 

Compared to the MUC4Scr cells, KD cells exhibited a substantial increase in EGFR 

ubiquitination upon ligand treatment (Fig. 6G), suggesting that MUC4 prevents pEGFR 

ubiquitination, hence subsequent degradation. We further analyzed the role of the MUC4β 
region in EGFR ubiquitination by designing two more constructs (Figs. 6H and S8C), 

deleting either MUC4CT (MUC4βΔCT, ectodomain) and MUC4-CT (only CT). The Co-IP 

experiment demonstrated that EGFR only interacted with MUC4β and MUC4βΔCT but 

not with the MUC4-CT (Fig. 6I). We then expressed these constructs in the presence of 

the proteasomal inhibitor MG132 and found a substantial increase in EGFR ubiquitination 

in cells transfected with both MUC4βΔCT and MUC4-CT (Fig. 6J), suggesting the 

requirement of both MUC4 ectodomain and CT to prevent EGFR ubiquitination. These 

results suggest a model where the MUC4 ectodomain interacts with and anchors EGFR on 

the plasma membrane, and the CT inhibits EGFR ubiquitination. We cloned and transfected 

the mouse MUC4β subunit consisting of three EGF-like domains in the 266.6 cells and 

analyzed Sox9, CK-19, and amylase expression in the presence and absence of mHBEGF. 

The MUC4β-expressing 266.6 cells treated with mHBEGF demonstrated a significant 

increase in CK-19 and Sox9 expression (Fig. S8D), indicating that the MUC4β subunit 

is involved in increased EGFR activity leading to Sox9 expression and ductal phenotype. 
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Collectively, the data suggest that MUC4β interacts with EGFR and maintains its stability 

by inhibiting its ubiquitin-mediated degradation upon ligand stimulation, leading to ADM 

driving PDAC initiation (Fig. 6K).

Discussion

Studies from PDAC cell line-driven in vitro and orthotopic model systems have 

demonstrated the role of mucins in PDAC pathology beyond biomarkers or passenger 

molecules. Pancreas-specific depletion of Muc4 using Pdx-1 Cre in a well-defined 

PDAC autochthonous murine model with KrasG12D and TP53R172H mutations [37, 38] 

demonstrated a significant delay in neoplastic initiation. Investigating the mechanism, 

we observed a significantly reduced phosphorylation of EGFR and downstream ERK1/2 

signaling, which are critical for PDAC initiation in the presence of constitutively active Kras, 

suggesting that Muc4 is imperative for these signaling events.

Multiple studies investigating PDAC initiation have demonstrated that acinar cells 

expressing mutant KrasG12D generate PanINs through ADM. The EGFR signaling regulates 

the differentiation, maintenance, and progression of these neoplastic lesions [39]. Supporting 

these studies, Siveke et al. demonstrated that pancreas-specific activation of EGFR and RAS 

signaling results in faster PanIN formation and disease aggressiveness [40]. This EGFR 

hyperactivity and sustained signaling are significant in cancers like PDAC, where the EGFR 

is rarely mutated. The role of sustained EGFR signaling for ADM is further established 

by pancreas-specific transgenic overexpression of EGFR-ligands such as TGFα and AREG 

[10, 41]. However, these previous studies did not provide mechanistic insights for increased 

EGFR signaling in ADM and PanIN lesions. Interestingly, Muc4 expression, also regulated 

by mutated K-Ras [42], appears early during PDAC initiation [28], coinciding with EGFR 

activation. Our results suggest that early Muc4 expression is central to sustained EGFR 

signaling during PDAC initiation and increased expression of Sox9, a crucial transcriptional 

regulator of ADM upon Kras mutation. The cellularity-corrected TCGA and microarray 

datasets demonstrated that HBEGF and AREG are the predominant EGFR-ligands expressed 

in PDAC, which explains why the pancreas-specific ablation of ADAM17, a sheddase 

involved in the cleavage of transmembrane HBEGF, and AREG, recapitulates the phenotype 

of EGFR KO mice with no PanIN lesion formation [7]. Our study has also shown prolonged 

activation of EGFR by HBEGF and AREG. Notably, HB-EGF and AREG increased MUC4 

and EGFR interaction in PDAC cells.

Next, we demonstrated that the MUC4 beta domain, especially juxtamembrane EGF-like 

domains, is sufficient for EGFR interaction. A recent study by Wang et al. showed 

angiogenin, a pancreatic ribonuclease, as a high-affinity EGFR ligand that binds and 

activates downstream signaling [43]. Angiogenin carries an EGF-like sequence moiety, 

which is also present in the second EGF-like domain in MUC4. However, our domain 

deletion studies suggest that the MUC4 and EGFR interaction starts at the first two 

juxtamembrane EGF-like domains and is further stabilized by the second and third EGF 

domains. In addition, the short MUC4 CT prevented EGFR ubiquitination after ligand 

binding, which delayed its internalization and degradation, leading to sustained signaling. 

This MUC4 CT-mediated inhibition of EGFR ubiquitination is plausibly through steric 
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hindrance to ubiquitin ligase (c-Cbl) recruitment or Grb-2-mediated mechanisms, which 

is an ongoing study in our laboratory. Therefore, MUC4 extracellular and CT domains 

act cooperatively, in which the EGF-like domain interacts and anchors EGFR to the 

plasma membrane in a ligand-dependent manner, and the CT prevents EGFR ubiquitination. 

Likewise, signal-transducing adaptor family member-2 (STAP-2) and sortilin-1 have 

also been shown to stabilize EGFR signaling either by altering its ubiquitination or 

internalization in prostate and lung cancers, respectively [44, 45]. Interestingly, previous 

studies have shown MUC4 interaction with other EGFR family members, Her2 and 

Her3, in PDAC [34, 46]. However, we have demonstrated that MUC4 and EGFR interact 

independently of Her2, which is expressed later during PDAC progression (PanIN III stage). 

Therefore, MUC4 interaction with other EGFR family members may be relevant during the 

later stages of PDAC.

In the present study, we predominantly focused on the MUC4 beta region. However, 

the N-terminal part of MUC4 with extensive glycosylation can also participate in PDAC 

initiation. Indeed, overexpression of glycan epitope CA19.9, also present on MUC4, in 

mouse pancreas led to severe acute pancreatitis [47]. It is tempting to speculate that the 

MUC4 N-terminal region promotes inflammatory response and facilitates the recruitment 

of macrophages producing EGFR ligands, leading to ligand-dependent interaction of the 

MUC4-beta domain with EGFR and sustaining EGFR activation. Nonetheless, our study 

has raised many intriguing questions about apical-basal polarity and how the glycocalyx 

modulates plasma membrane dynamics. For example, mucins are expressed at the apical 

surface and receptor tyrosine kinases are restricted to the basal surface of epithelial cells, 

and the loss of polarity is a relatively late event in the oncogenic cascade. Then, how do 

MUC4 and EGFR interact early to facilitate sustained EGFR signaling? In this regard, the 

ADM process is unique, as the metaplastic cells start to lose their polarity during the process 

of dedifferentiation, and studies have shown that reduced expression of LKB1 leads to loss 

of both acinar cell polarity and tight junctions [48], which may bring MUC4 and EGFR 

together early during ADM and PDAC initiation. Similarly, our study calls for extensive 

investigations of glycocalyx-mediated mechanisms and the collective role of the mucin 

family in the pathobiology of multiple malignancies to appreciate the contribution of this 

poorly investigated protein family.
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Figure 1. The Muc4 depletion delays the initiation of PDAC.
A. The generation of conditional murine models expressing mutant Kras−/+LSLG12D; 

TP53−/+LSLR172H and pancreas-specific Muc4 deletion (COIN) upon Pdx-1-Cre-based 

recombination. B. The in-situ hybridization confirmed the absence of Muc4 transcripts in the 

early pancreatic lesions (PanIN) of the KPCM4−/− murine model. C. Reverse transcriptase-

PCR (RT-PCR) from the cDNA derived from heterozygous and homozygous cell lines 

generated from KPC and KPCM4−/− murine models, showing successful Muc4 depletion 

after Cre activation. D. The H&E staining of KPC and KPCM4−/− pancreatic tissues 

demonstrated the delay in the onset of PanIN lesions. E. The percentage of different stages 

of PanIN lesions in the KPC (n=8) and KPCM4−/− (n=6, 11-30 weeks; n=3 above 30 weeks) 

murine models (NL: No lesions, NS: Not survived). F, G. The significant differences in the 

pancreas weight (F) and pancreas weight by body weight (G) in KPC and KPCM4−/− murine 

models. (n=10 each). The data in panels F to G are presented as mean ± SEM. *p<0.05, 

**p<0.01, ***p<0.001.
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Figure 2. The early lesions in the pancreatic tissues of KPCM4−/− mice display significantly 
lower EGFR and ERK1/2 phosphorylation status.
A. Gene ontology analysis showed the enrichment of tyrosine kinase-dependent cascades 

in the high MUC4 expressing group in the pancreatic cancer TCGA dataset (https://

maayanlab.cloud/ Enrichr/). B. A correlation between MUC4 transcripts from the TCGA 

dataset and the matched reverse-phase proteomic data for the levels of EGFR and pEGFR 

(Y1068) (p=0.96; Rho 0.005 for EGFR and p=0.029; Rho= 0.22 for pEGFR) in the PDAC 

tissues. C, D. The IHC (C) and H-score (D) analysis showed a significantly reduced EGFR 

and ERK1/2 phosphorylation in the early PanIN lesions of the KPCM4−/− murine model 

in the histology-matched KPC and KPCM4−/− samples. (KPC n=7 and KPCM4−/− n=4). 

E. Immunoblotting analysis for the levels of pEGFR(Y1068) and pERK1/2(T202/Y204) 

in the lysates of pancreatic tissue isolated from KPC and KPCM4−/− murine models. F. 
The expression profile of different EGFR-ligands in PDAC tissues from the TCGA dataset 

(n=140) with high and low epithelial cellularity. G. The relative mRNA expression of 

different EGFR-ligands in the KPC and KPCM4−/− mouse pancreatic tissues. (n=3). The 

data in panels D and G are presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. The Muc4 depletion significantly reduces acinar-to-ductal metaplasia (ADM) in mouse 
pancreatic tissues.
A, B. The IHC and H-score analysis for Sox9 expression in ADM, PanIN-1, and 

PanIN-2 lesions in the histology-matched pancreatic tissues from KPC and KPCM4−/− 

murine models. C. Immunoblotting analysis demonstrated the reduced expression of CK19 

and Sox9 in the lysates of pancreatic tissues isolated from the KPC and KPCM4−/− 

murine models. D. The percentage Ki67 ductal positivity in the nuclei of histology-

matched pancreatic tissues isolated from KPC and KPCM4−/− murine models. E. The 

immunoblotting analysis demonstrated the reduction in SOX9 expression after EGFR 

inhibition by Erlotinib in the human PDAC cell line. F. Validation of shRNA-mediated 

stable knockdown of MUC4 expression in PDAC cells. G. Immunoblotting analysis showed 

a decrease in SOX9 expression in MUC4 KD cells treated with different concentrations of 

HBEGF. H. Schematic representation of isolation of primary pancreatic acini isolated from 

Kras−/+LSLG12D (K) and Kras−/+LSLG12D; Muc4COIN/COIN (KM) murine models for ex 
vivo experiments. I, J. Isolated primary acinar cells cultured for 5-days with mHBEGF (100 

ng/ml) were transduced with Ad-Cre-GFP expressing viral particles and analyzed for the 
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ductal structures (GFP positive ductal structures). K. The immunoblotting analysis showed 

the reduced phosphorylation status of EGFR, ERK1/2, and Sox9 expression in the pancreatic 

acini isolated from KPM4−/− compared to KP murine models transduced with Ad-Cre-GFP 

virus. The amylase expression was used as a marker for the acinar cells. The data in panels 

B, D, and J are presented as mean ± SEM. *p<0.05.
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Figure 4. Muc4 expression shows a significant correlation with EGFR activity in the 
differentiating ductal lesions in the pancreatic tissues.
A. The IHC analysis for the Muc4 and pEGFR co-expression in the early transdifferentiating 

ducts/PanIN lesions of KC tissues. B. The H-score analysis demonstrated a significant 

correlation between Muc4 and pEGFR (Y1068) co-expression in the transdifferentiating 

ducts in the pancreas. C, D. Pearson correlation between Muc4 and pEGFR (Y1068) 

co-expression in PanIN-1 (C), and PanIN-2 (D) lesions. E. Schematic representation of 

cerulein (75 μg/kg body weight) intraperitoneal injections following staggered protocol 

for the accelerated PanIN lesion formation. F. The increased Muc4 and pEGFR (Y1068) 

co-expression in cerulein-treated day 2- and 7- KC mice pancreas. G. A strong 

correlation between Muc4 and pEGFR (Y1068) co-expression in the pancreas (Pearson 

correlation=0.654) of KC mice upon cerulein administration. H, I. The MUC4 and pEGFR 

(Y1068) expression and co-localization, and quantification in PDAC patient tissues by 

immunofluorescence.
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Figure 5. MUC4 interacts with EGFR upon ligand stimulation leading to sustain signaling.
A. The Colo357 cells were treated with 10ng/ml of human EGF, HBEGF, and AREG and 

analyzed for EGFR phosphorylation. B, C. Quantification of EGFR activation at Y1068 

and S1046/7 residues. Percentage activation by each ligand at indicated time points as 

the function of the maximum intensity by each ligand in Colo357 (B) CD18/HPAF (C) 

PDAC cells. D. CD18/HPAF and Colo357 cells were treated with HBEGF (100 ng/ml; 

5 min) and analyzed for MUC4 co-immunoprecipitation with EGFR. E. Reciprocal co-

immunoprecipitation of EGFR and pEGFR (Y1068) with MUC4 after treatment with 

HBEGF (100 ng/ml). F. Comparative analysis of EGFR co-immunoprecipitation with 

MUC4 upon stimulation with different EGFR-ligands. G. The EGFR immunoprecipitation 

in MUC4-proficient and -deficient cells treated with HBEGF (100 ng/ml) and analyzed 

for pEGFR levels. H, I. The CD18/HPAF MUC4-Scr and KD PDAC cells were analyzed 

for the difference in EGFR phosphorylation status at S1046/7 (H) and Y1068 (I) residues 

upon HBEFG (10 ng/ml) treatment. J, K. The CD18/HPAF MUC4-Scr and KD PDAC cells 

were analyzed for the difference in EGFR phosphorylation status at S1046/7 (J) and Y1068 

(K) residues upon AREG (10 ng/ml) treatment. L. Higher EGFR downstream signaling in 

CD18/HPAF PDAC cells in the MUC4 proficient than the deficient cells. The data in panels 

B, C, H, I, J, and K are presented as mean ± SEM. *p<0.05, **p<0.01.
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Figure 6. MUC4 expression maintains EGFR activity by preventing its ubiquitination upon 
ligand stimulation.
A. Schematic representation of MUC4β domain-deletion constructs cloned in a 

3XflagCMV9 plasmid. B. The co-IP of Flag-tagged MUC4β with EGFR in the MUC4β 
overexpressing PDAC cell line, AsPC-1. C. The co-IP of myc-tagged full-length (FL) 

and extracellular domain (ECD) of EGFR with Flag-tagged MUC4β overexpressed in 

AsPC-1 PDAC cells. D. The AsPC-1 PDAC cells overexpressing Flag-tagged MUC4β 
were analyzed for EGFR phosphorylation at Y1068 and S1046/7 residues at the indicated 

time points. E, F. Immunoblotting analysis and quantification of MUC4β-stabilized EGFR 

expression on the plasma membrane in the AsPC-1 PDAC cells, overexpressing Flag-tagged 

MUC4β. TL: total lysate, CF: cytoplasmic fraction, PM: plasma membrane fraction. G. 
The EGFR IP from MUC4-Scr and KD CD18/HPAF PDAC cells after pretreatment 
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with 30μM of proteasome inhibitor MG132, 2h prior to HBEGF treatment, was probed 

with ubiquitin antibody. H. Schematic representation of MUC4β and N-terminal domain 

deletions constructs consisting of MUC4βΔCT (no cytoplasmic tail) and MUC4-CT (only 

cytoplasmic tail), respectively. I. The co-IP of MUC4β and MUC4βΔCT with EGFR 

in ASPC-1 PDAC cells overexpressing the indicated constructs after treatment with the 

HBEGF. The EGFR failed to co-IP the MUC4-CT. J. The EGFR IP from the MUC4β, 

MUCβΔCT, and CT overexpressing constructs in AsPC-1 PDAC cells after pretreatment 

with 30μM of MG132, 2h prior to HBEGF treatment. The IP fractions were probed with 

pEGFR (Y1068), ubiquitin, and c-Cbl antibodies. K. Schematic representation depicting 

MUC4 interaction and stabilization of EGFR on the plasma membrane and its sustained 

activity upon ligand stimulation during PDAC initiation. The data in panel F is presented as 

mean ± SEM. *p<0.05.

Bhatia et al. Page 21

Oncogene. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Generation of conditional MUC4 knockout (KO) mouse model:
	Genetically engineered mouse models of PDAC:
	Cerulein treatment for inflammation-driven ADM:
	Cell lines and primary acinar cell culture:
	Quantification and statistical analysis:
	Supplementary methods:

	Results
	Conditional genetic ablation of Muc4 significantly delays PanIN lesion formation.
	Muc4 ablation significantly reduced EGFR-mediated signaling.
	Decreased EGFR activity upon Muc4 depletion reduces Sox9 expression and ADM.
	Muc4 expression correlates with higher EGFR activation during ADM.
	MUC4 physically interacts and stabilizes EGFR on the plasma membrane upon activation.
	MUC4 cytoplasmic tail inhibits EGFR ubiquitination for sustained signaling.

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6

