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Abstract 

Pancreatic ductal adenocarcinoma (PDAC) has a dismal prognosis due to its aggressive 

progression, late detection and lack of druggable driver mutations, which often combine to 

result in unsuitability for surgical intervention. Together with activating mutations of the small 

GTPase KRas, which are found in over 90% of PDAC tumours, a contributory factor for 

PDAC tumour progression is formation of a rigid extracellular matrix (ECM) and associated 

desmoplasia. This response leads to aberrant integrin signalling, and accelerated 

proliferation and invasion. To identify the integrin adhesion systems that operate in PDAC, 

we analysed a range of pancreatic ductal epithelial cell models using 2D, 3D and organoid 

culture systems. Proteomic analysis of isolated integrin receptor complexes from human 

pancreatic ductal epithelial (HPDE) cells predominantly identified integrin α6β4 and 

hemidesmosome components, rather than classical focal adhesion components. Electron 

microscopy, together with immunofluorescence, confirmed the formation of 

hemidesmosomes by HPDE cells, both in 2D and 3D culture systems. Similar results were 

obtained for the human PDAC cell line, SUIT-2. Analysis of HPDE cell secreted proteins and 

cell-derived matrices (CDM) demonstrated that HPDE cells secrete a range of laminin 

subunits and form a hemidesmosome-specific, laminin 332-enriched ECM. Expression of 

mutant KRas (G12V) did not affect hemidesmosome composition or formation by HPDE 

cells. Cell-ECM contacts formed by mouse and human PDAC organoids were also assessed 

by electron microscopy. Organoids generated from both the PDAC KPC mouse model and 

human patient-derived PDAC tissue displayed features of acinar-ductal cell polarity, and 

hemidesmosomes were visible proximal to prominent basement membranes. Furthermore, 

electron microscopy identified hemidesmosomes in normal human pancreas. Depletion of 

integrin β4 using siRNA reduced cell proliferation in both SUIT-2 and HPDE cells, reduced 

the number of SUIT-2 cells in S-phase, and induced G1 cell cycle arrest, indicating a 

requirement for α6β4-mediated adhesion for cell cycle progression and growth. Taken 

together, these data suggest that laminin-binding adhesion mechanisms in general, and 

hemidesmosome-mediated adhesion in particular, may be under-appreciated in the context 

of PDAC. 

Proteomic data are available via ProteomeXchange with the identifiers PXD027803, 

PXD027823 and PXD027827. 
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Abbreviations 

CDM, cell-derived matrix 

DTBP, dimethyl 3,3'-dithiobispropionimidate (Wang and Richard's Reagent) 

ECM, extracellular matrix 

GO, gene ontology 

HPDE, human pancreatic ductal epithelial 

IAC, integrin adhesion complex 

KPC, KrasG12D/WT; TP53R172H/WT; Pdx1-Cre mice 

LC-MS/MS, liquid chromatography-tandem MS 

MS, mass spectrometry 

PDAC, pancreatic ductal adenocarcinoma 

 

Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is one of the five most common causes of cancer 

mortality in developed countries and exhibits one of the worst clinical outcomes [1,2]. A 

prominent feature of PDAC is an extensive desmoplastic reaction that makes a multifactorial 

contribution to tumour progression and disease lethality. In PDAC, where the stroma on 

average constitutes 80% of total tumour volume, desmoplasia is exaggerated compared to 

other carcinomas[3]. As a consequence, the pathologically remodelled and rigid ECM in 

PDAC desmoplasia leads to aberrant integrin signalling, resulting in accelerated proliferation 

and invasion [4–8]. 

Integrins are a family of cell surface receptors that mediate adhesion to the ECM and form 

connections to the cytoskeleton [9,10]. In addition to providing a structural connection, 

integrins act as bidirectional signalling hubs relaying biochemical and biomechanical 

signalling pathways to regulate cell adhesion and modulate a range of phenotypic outputs 

[11]. Integrin activation and/or ligand binding lead to the formation of plasma membrane-

localised protein complexes, termed integrin adhesion complexes (IAC) [10,12,13]. IACs 

function as mechanosensitive molecular clutches that transmit forces between the ECM and 

cytoskeleton [14,15]. Data from both literature curation [16,17] and proteomic analysis [18–

25] demonstrate that a small number of proteins establish the framework of the IAC 

adhesome, and a larger cohort of more transient proteins tune its function to intra- and 
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extracellular stimuli [26,27]. In this way, it is hypothesised that individual components of IACs 

act in a cooperative manner to provide coordinated functional adhesion signalling outputs 

[12]. 

Based on our understanding of the integrin adhesion-dependent control of cell fate, the 

generation of a rigid ECM would be likely to alter proliferation, invasion and differentiation 

[28], and there is evidence for this in PDAC [29,30]. In addition, integrins and the ECM are 

known to contribute to the hallmarks of cancer [31,32]. There is also growing evidence for a 

mechanistic coupling of integrin function with the cell cycle to govern cell proliferation [33–

35], and inhibition of the IAC component focal adhesion kinase limits tumour progression in 

the KPC mouse model of human PDAC [36]. Integrins and IACs are therefore considered 

important regulators of the pathological development of cancer and provide opportunities for 

therapeutic intervention [7,8,31,37,38]. Elucidating the mechanisms employed by PDAC 

cells to interact with the desmoplastic ECM would therefore be important in the quest to 

improve patient outcomes.  

 

Results 

HPDE cell adhesion receptor complexes are dominated by integrin α6β4 and 

hemidesmosome components  

The most prevalent mutations in PDAC, observed in over 90% of all cases are in KRas, a 

small GTPase implicated in a wide range of signalling pathways [39]. As a first step to 

understanding the adhesome composition of PDAC, we characterised the H6c7 normal 

human pancreatic ductal epithelial (HPDE) cell model. This permitted a comparison of 

matched wild-type (control) and mutant human KRas expressing (KRas G12V) HPDE cell 

lines [40,41]. Increased Ras activity was confirmed in KRas G12V HPDE cells compared to 

control cells (Fig 1A). Cells were grown in monolayer culture for seven days to enable 

assembly of cell-derived ECM, and then IAC isolation was carried out for both cell lines and 

the samples subjected to mass spectrometry (MS)-based proteomic analysis [26,42]. 

Although we employed our standard IAC isolation protocol [42], the crosslinking step, using 

DTBP, was not required for HPDE cells. 

MS analysis detected 576 proteins from all conditions (Supp Table 1). Comparison to the in 

silico literature-based integrin adhesome [16,17,43] revealed 29 adhesome proteins (12.5% 

of 232), with 16 intrinsic and 13 associated components. This is consistent with the coverage 

of the adhesome achieved from other integrin adhesome complex isolations (range, 9.1–

32.3% [26]); however, in contrast to data from other cell types, the only integrins robustly 
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identified in the HPDE datasets were the α6 and β4 subunits, suggesting that H6c7 HPDE 

cells unexpectedly employ integrin α6β4 to adhere to the ECM. Consistent with the detection 

of α6β4, further analysis of the HPDE datasets revealed that the some of the most abundant 

proteins detected in H6c7 IACs were components of hemidesmosomes and the associated 

cytokeratin-based cytoskeletal network (fig 1B[44]). This was supported by Gene Ontology 

(GO) analysis, which demonstrated an enrichment for terms such as hemidesmosome (28.5-

fold enrichment; GO:0030056) and hemidesmosome assembly (30.4-fold enrichment; 

GO:0031581). In contrast, relatively few proteins (13/70 = 18.6%) were detected from the 

consensus adhesome (integrin adhesion complex components commonly identified from 

cells interacting with fibronectin [26]). 350 of the 576 identified HPDE IAC components 

(60.7%) were members of the meta-adhesome (i.e. enriched in seven published IAC 

datasets [26]). These analyses suggest that the HPDE adhesome is a highly cell type-

dependent adhesome variant, possibly reflecting differences between epithelial HPDE cells, 

and mesenchymal cells used to inform eh meta-adhesome. 

Western blotting was employed to support the data from isolation of HPDE IACs. Integrin β4 

and collagen XVII were detected in HPDE IACs without the requirement for DTBP 

crosslinker, but not the consensus adhesome component paxillin (fig 1C), highlighting the 

specificity of the isolated HPDE IAC adhesome. Moreover, relatively few of the identified IAC 

proteins displayed altered abundances upon expression of mutant KRas G12V (fig 1D), and 

the abundance of the hemidesmosome components was not significantly changed (fig 1E). 

These data indicate that normal HPDE cells are likely to form hemidesmosomes in culture, 

and the abundance of hemidesmosome components at ventral membrane sites is not 

altered by expression of mutagenic KRas G12V. 

HPDE cells secrete and form a laminin-rich matrix 

From the GO analysis of HPDE IACs, it was noted that the identified ECM components (87 

matrisome components; 8.19% matrisome coverage) [43,45,46] were enriched for basement 

membrane components (11.5-fold enrichment; GO:0005604~basement membrane) 

including the integrin α6β4-binding laminins (laminin-332, laminin-511 and laminin-521), 

nidogen 1, collagen IV and perlecan.  

To test the possibility that HPDE cells secrete and form a laminin-rich ECM, two additional 

MS-based proteomic approaches were used to identify the secreted ECM and CDM proteins 

(Supp Tables 2 and 3). The CDM analysis identified 701 proteins, and the secreted protein 

analysis identified 902 proteins. Both approaches achieved a similar coverage of the core 

matrisome; however, the secreted protein analysis identified more matrisome-associated 

proteins (fig 2A). Therefore, the combination of both approaches led to the identification of a 
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more complete set of ECM proteins produced by HPDE cells. Gene Ontology (GO) analysis 

of both datasets supported the enrichment of ECM proteins including basement membrane 

proteins (Supp Table 4). These data demonstrate that H6c7 HPDE cells secrete and 

assemble laminin-rich basement membrane type ECM components in culture. In support of 

the identification of hemidesmosome components from HPDE cells, laminin-332 subunits 

were an abundant component of both the secreted protein and CDM datasets. The CDM 

analysis also robustly identified integrin α6β4 and other hemidesmosome components 

(collagens VII and XVII, and dystonin), confirming the localisation to HPDE cell ventral 

membranes by an alternative enrichment strategy. In agreement with the analysis of 

hemidesmosome components from isolated IACs, relatively few of the identified ECM 

proteins from secreted protein or CDM samples displayed altered abundances upon 

expression of mutant KRas G12V (fig 2B,C), and the abundance of all hemidesmosome-

associated ECM components was not significantly changed (fig 2D,E). 

HPDE cells express α6β4 and form hemidesmosomes 

Overall, the MS-based proteomic analysis of HPDE adhesion complexes and ECM 

suggested that hemidesmosome components act as the main adhesion machinery used by 

HPDE cells, and this was not altered by the expression of mutant KRas G12V. Next, we 

sought to verify the cell surface expression of integrin α6β4 and the formation of 

hemidesmosomes by flow cytometry, co-immunoprecipitation, immunofluorescence 

microscopy and electron microscopy. 

Flow cytometry using a panel of antibodies directed against a range of integrin subunits and 

heterodimers revealed the cell surface expression of α2, α3, α5, α6, αV, β1 and β4, but not 

α1, α4, αVβ3 or αVβ5, in both control and KRas G12V-expressing HPDE cells. These results 

are consistent with the expression of integrin heterodimers acting as collagen receptors 

(α2β1), laminin receptors (α3β1, α6β1 and α6β4), and fibronectin receptors (α5β1 and αVβ1) 

in HPDE cells. Immunopreciptation using anti integrin α6, β1 and β4 antibodies confirmed 

the preferential association of α6 with the β4 subunit compared to β1 (Fig S1), which is 

consistent with the proteomic identification of α6β4 from HPDE cell adhesion complexes (Fig 

1).  

To test for the presence of integrin α6β4-based adhesion complexes in HPDE cells, 

immunofluorescence imaging was performed (Fig 3). The integrin β4 subunit was observed 

in a characteristic leopard skin pattern, which is classically associated with 

hemidesmosomes [47], for both control and KRas G12V HPDE cells (Fig 3A). To assess the 

localisation of other hemidesmosome components, control HPDE cells were stained using 

antibodies to collagen XVII (BP180), dystonin (BP230) and collagen VII (Fig 3B). These 
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analyses showed similar subcellular localisations as integrin β4, which is consistent with 

their detection in isolated IACs by MS and the formation of hemidesmosomes in HPDE cells. 

The definitive demonstration of hemidesmosome formation is achieved by transmission 

electron microscopy (TEM), and the observation of the classical hemidesmosome 

ultrastructural organisation [44]. To this end, transverse sections of the HPDE-ECM interface 

were prepared and imaged by TEM (Fig 4). In general, HPDE cells displayed a morphology 

with a flat cell-ECM interface, microvilli on their dorsal surface and cell-cell contacts that 

were highly interdigitated. These analyses revealed abundant, electron-dense 

hemidesmosome structures at the ECM interface of HPDE cells that linked directly to 

prominent cytokeratin filaments. The hemidesmosome structures formed over a period of 

one to eight days, but were infrequently observed at earlier time points and increased in 

frequency and maturity from three to six days. Hemidesmosomes were observed in both the 

presence or absence of expression of mutant KRas G12V, and comprised all the classically 

defined zones, including the juxtamembrane cytoplasmic inner and outer plaques, the 

extracellular lamina lucida and lamina densa, along with anchoring fibrils and filaments that 

project into the ECM [44,48]. In summary, the combination of evidence provided by MS, 

immunofluorescence and electron microscopy demonstrates that HPDE cells in culture form 

type I hemidesmosomes, containing the full repertoire of components, and localise to the 

cell-ECM interface. 

HPDE cells form hemidesmosomes in 3D culture 

3D cell culture systems offer a way to assess cell behaviour in environments that more 

closely mimic the spatial organisation and cell-ECM interactions in vivo, compared to 2D cell 

culture [49,50]. To assess the relevance of such culture conditions on the formation of 

hemidesmosomes in HPDE cells, H6c7 cells were grown in a 3D culture system that 

incorporated alginate and Matrigel, that had been used previously to investigate 

hemidesmosomes in mammary epithelial cells [51,52]. Both control and KRas G12V-

expressing HPDE cells formed colonies of cells over 60 hours that expressed integrin β4, 

and the hemidesmosome component collagen XVII, that localised at the basal cell-ECM 

interface (Fig 5A) suggesting that HPDE cells form hemidesmosomes in 3D culture. To verify 

the presence of hemidesmosomes, HPDE cells grown in alginate/Matrigel 3D gels were 

processed and visualised by TEM. Electron-dense hemidesmosome structures were 

observed at cell-ECM interfaces of HPDE cells that were linked directly to cytokeratin 

filaments. Hemidesmosomes were observed in the presence or absence of expression of 

mutant KRas G12V (Fig 5B). These data demonstrate the formation of hemidesmosome 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 
 

structures by HPDE cells in 3D culture was not altered by the expression of mutant KRas 

G12V. 

Murine and human PDAC organoids and normal human pancreas form hemidesmosomes 

PDAC organoids have shown promise as they recapitulate the full spectrum of tumour 

development [53–55]. To develop further our understanding of PDAC-specific adhesion 

systems, the cell-ECM contacts used by mouse and human organoids were assessed by 

TEM. Organoids generated from both the KPC mouse model and human patient-derived 

PDAC tissue displayed keys features of acinar-ductal cell polarity with appropriately 

positioned luminal microvilli, tight junctions and adherens junctions (Fig 6A). Moreover, 

hemidesmosomes were detected in close proximity to prominent basement membranes in 

both KPC and human PDAC organoids (Fig 6B). Furthermore, the presence of 

hemidesmosomes in normal human pancreas was confirmed, at the ultrastructural level, 

positioned at the basal surface of ductal cells in close proximity to a prominent basement 

membrane (Fig 6C). The overall cellular organisation and ductal cell polarisation was 

indistinguishable between the human organoids and normal human pancreas.  

Another feature of the PDAC cell models highlighted by electron microscopy was the 

presence of desmosomes. In the HPDE cell line H6c7, in the absence or presence of KRas 

G12V, desmosomes were abundant, both in 2D and 3D culture models (Fig S2A and B). 

Furthermore, desmosomes were also detected in human patient-derived organoids and 

normal human pancreas (Fig S2C and D). In contrast, desmosomes were not detected in 

mouse organoids derived from the KPC mouse. These findings support previous reports of 

desmosomes in the human pancreas [56–58] and other human PDAC cell lines [59,60]. As 

desmosomes are known to play an important role in cancer progression [61,62], these 

results indicate differences between the cell-cell adhesion systems used in human PDAC 

and the KPC mouse model. 

Pancreatic cancer SUIT-2 cells form hemidesmosomes in 2D culture 

To assess integrin α6β4 expression and hemidesmosome formation further, we tested 

integrin β subunit expression by flow cytometry using four commonly-used human PDAC 

cancer cell lines, SUIT-2, Panc1, MiaPaCa2 and KP4 [63,64] (Fig S3). Expression of cell 

surface integrin β1 and β5 was detected in all cell lines. In contrast, integrin β3 expression 

was very low or absent. Moreover, integrin β4 exhibited variable expression, with SUIT-2 the 

only cell line to demonstrate significant integrin β4 expression (Fig S3), which was confirmed 

by western blotting (Fig 7A). 
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To test for the formation of hemidesmosomes in the integrin β4-expressing cell line, 

immunofluorescence imaging was performed, and transverse sections of the SUIT-2-ECM 

interface were prepared and imaged by TEM. These analyses revealed a typical 

hemidesmosome-like localisation of integrin β4 (Fig 7B), and electron-dense 

hemidesmosome structures at the basal ECM interface of SUIT-2 cells, which were linked 

directly to prominent cytokeratin filaments (Fig 7C). Thus, ultrastructural analysis 

demonstrated that the integrin β4-expressing cell line, SUIT-2, also form hemidesmosomes 

in 2D culture and therefore expand the relevance of the observations of hemidesmosome 

formation to other PDAC cell models. 

HPDE and pancreatic cancer SUIT-2 cells require integrin β4 for proliferation 

To assess the relevance of hemidesmosome formation and integrin β4 expression to HPDE 

and PDAC cell function, integrin β4 expression was depleted in HPDE and SUIT-2 cells 

using an siRNA knockdown approach. SUIT-2 and HPDE cells were used as they express 

integrin β4 and form hemidesmosomes. An almost complete depletion of integrin β4 was 

achieved in both HPDE and SUIT-2 cells (Fig S4). Cell proliferation was significantly reduced 

in both SUIT-2 and HPDE integrin β4 siRNA transfected cells compared to those transfected 

with control siRNA (Fig 8A and B). Furthermore, the number of SUIT-2 cells in S-phase, as 

determined by incorporation of EdU into replicating DNA, was significantly reduced by 

integrin β4 knockdown (Fig 8C). As this was indicative of changes in cell cycle progression, 

the proportion of SUIT-2 cells in G1, S or G2 was determined by flow cytometry. Knockdown 

of integrin β4 resulted in a significant reduction of SUIT-2 cells in S-phase, alongside a 

significant increase of cells in G1, demonstrating that depletion of integrin β4 levels induces 

G1 arrest in pancreatic epithelial cells (Fig 8D). These data demonstrate the functional 

significance of integrin β4 expression in HPDE and PDAC cells and suggest a role for 

hemidesmosomes in integrin β4-induced signal propagation to control cell cycle progression. 

 

Discussion 

In this study, we analysed the integrin-based adhesion systems used by a variety of PDAC 

cell models and our major findings are: (1) HPDE cells primarily employ integrin α6β4 to 

adhere to their ECM; (2) α6β4 is assembled into hemidesmosomes in culture that are 

remarkably complete in composition and structure; and (3) disruption of hemidesmosomes 

by knockdown of β4 blocks the proliferation of HPDE cells. These findings suggest that the 

hemidesmosome adhesome may be exploited as a therapeutic target for PDAC and that 

HPDE cells provide an excellent model system for the study of both hemidesmosome 

assembly and function. 
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Using proteomics, we defined the ECM produced by HPDE cells, which contained abundant 

basement membrane components such as laminin 332. We also defined the adhesome of 

HPDE cells and demonstrated they form hemidesmosomes in 2D and 3D culture systems. 

No significant changes in hemidesmosome components were observed upon expression of 

mutagenic KRas G12V. We also demonstrated the formation of hemidesmosomes in 

another human PDAC cell line (SUIT-2), and in both mouse and human PDAC organoids. 

Furthermore, we showed that integrin β4 was critical for HPDE and SUIT-2 cell proliferation. 

These data highlight the importance of laminins and laminin-binding adhesion mechanisms 

in a variety of PDAC models, and complements our recent study that defined a synthetic 3D 

model for the propagation of pancreatic ductal adenocarcinoma organoids [65]. The role of 

laminins in PDAC has been under-appreciated in the context of the well-characterised 

abundance of stromal collagens [4,6,66]. Our recent study defined the ECM changes that 

occur through PDAC progression, to inform the ECM adhesive cues provided in the synthetic 

3D hydrogel scaffold, which highlighted the role of laminins. Importantly, we demonstrated a 

key role for laminin-cell interactions in the growth of PDAC-derived organoids and laminin-

332 was upregulated in both human and murine PDA, which correlated with patient outcome 

[65]. In addition, we demonstrated that mouse and human pancreatic cancer cells attached 

and spread to laminins via integrins α3β1 and α6β1 [65]. As the use of organoids has been 

proposed as important for the future direction of PDAC investigations [55,67], the discovery 

of the formation of hemidesmosomes and the prominent role of laminin-cell interactions in 

these systems, and a variety of other PDAC cell models, is important. 

Numerous studies have demonstrated important roles for laminins, laminin-binding integrins 

and hemidesmosome components such as collagen XVII in cancer [68–70]. The expression 

of laminin-332 and integrin β4 has also been reported in PDAC, and hemidesmosome 

formation has been reported in pancreatic exocrine tissue [71–75]. In this present study, we 

build and extend this knowledge by showing at the ultrastructural level that 

hemidesmosomes form in 2D and 3D for HPDE cells, and also murine and human PDAC 

organoids. The fact that we did not observe differences in the abundance of the 

hemidesmosomal components upon expression of mutagenic KRas G12V is consistent with 

the limited oncogenic potential originally reported for this cell line [41] and that additional 

mutations may be required to induced a complete malignant transformation [76]. This 

indicates that the early KRas G12V mutation in PDAC likely does not act to modulate 

adhesion signalling via altered hemidesmosome formation. 
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Finally, we show here that H6c7 HPDE cells are a good model cell line for formation of 

hemidesmosomes in 2D and 3D culture. All of the major hemidesmosome components were 

expressed and assembled into a fully developed plaque structure with intermediate filament 

attachment intracellularly, as well as all the recognised hemidesmosomes -associated 

structures in the ECM. This contrasts with a previous report that stated cells in culture do not 

form hemidesmosomes [44]. In fact, the literature reports several cell types, including rat 

bladder cancer (804G), human squamous cell carcinoma (DJM-1), mouse gingival epithelial 

(GE1) and mouse mammary tumour (RAC-11P/SD) cell lines, as forming hemidesmosomes 

at the ultrastructural level in 2D culture [77–81]. In addition, human breast MCF10A cells 

formed hemidesmosomes as acini in 3D culture [82]. Despite the expanding study of integrin 

adhesomes via IAC isolation and proteomics [83,84], only one study to date has reported the 

identification of integrin α6β4 from keratinocytes and two human oral squamous cancer cell 

lines [85]. Whilst this study reported the detection of some hemidesmosomal components 

such as collagen XVII and plectin from keratinocytes, it did not capture the full 

hemidesmosome repertoire, or claim to have isolated hemidesmosomes. We therefore 

propose that the dataset from this study is the first proteomics-based hemidesmosome 

adhesome to be reported. Interestingly, we identified FAT1 as an abundant non-

hemidesmosome component in HPDE IACs in agreement with Todorovic et al 2010 [85]. 

FAT1 has recently been described as a having a role in tumour progression in squamous 

cell carcinoma through regulation of a hybrid epithelial-to-mesenchymal transition state [86]. 

This highlights the relevance of other ventral membrane proteins identified in these HPDE 

IAC datasets that may have a relevance to PDAC or other cancers.  

In summary, using proteomics, we defined the ECM produced by HPDE cells, which 

contained abundant basement membrane components such as laminin-332. We also 

defined the adhesome of HPDE cells and demonstrated they form hemidesmosomes in 2D 

and 3D culture systems. No significant changes in hemidesmosome components were 

observed upon expression of mutagenic KRas G12V. We also demonstrated the formation 

of hemidesmosomes in another human PDAC cell line (SUIT-2), and in both mouse and 

human PDAC organoids. Finally, we demonstrated a functional role for integrin β4 in the 

regulation of HPDE and SUIT-2 cell proliferation, highlighting the potential of developing 

therapeutic strategies that target hemidesmosome components in PDAC. 
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Experimental Procedures 

Reagents 

Primary antibodies used for immunofluorescence microscopy were mouse monoclonal anti-

β4 (3E1, Millipore), mouse monoclonal anti-dystonin (Cat #55654, Abcam), rabbit anti-E-

cadherin (24E10, Cell Signaling Technology), mouse monoclonal directed against collagen 

VII (LH7.2, Abcam) and rabbit monoclonal anti-collagen XVII (ab184996, Abcam). 

Secondary antibodies (anti-mouse IgG Alexa Flour 488 and anti-rabbit IgG Alexa Flour 488) 

were from Invitrogen. 

Primary antibodies for immunoblotting (at 1:1000 dilution) were monoclonal mouse anti-β1 

integrin (JB1A, Millipore), monoclonal rabbit anti-β4 integrin (D8P6C, Cell Signaling 

Technology), polyclonal rabbit anti-α6 integrin (Cat #3750, Cell Signaling Technology), 

monoclonal rabbit anti-Ras (D2C1, Cell Signaling Technology), mouse anti-tubulin (DM1A, 

Sigma), mouse anti-paxillin (349, BD Biosciences) and monoclonal rabbit anti-collagen XVII 

(ab184996, Abcam). Secondary antibodies were goat anti-mouse IgG conjugated to Alexa 

Fluor 680 and goat anti-rabbit IgG conjugated to Alexa Fluor 800 (Life Technologies). Actin 

filaments were visualised by Alexa Fluor 594-conjugated phalloidin (Invitrogen). 

Primary monoclonal anti-integrin antibodies for flow cytometry were mouse anti-α1 (TS2/7, 

Abcam), mouse anti-α2 (JA218 [87]), mouse anti-α4 (HP2/1, Abcam), mouse anti-α5 (JBS5, 

Millipore), rat anti-α6 (GoH3, Abcam), mouse anti-αV (17E6, Abcam), mouse anti-β1 

(TS2/16, Invitrogen), mouse anti-β4 (3E1, Millipore), mouse anti-αVβ3 (LM609, Millipore), 

mouse anti-αVβ5 (P1F6, Millipore), Mouse IgG (Sigma), rat IgG (Sigma), rabbit F(ab’)2 anti-

mouse IgG conjugated to FITC (STAR9B, BioRad), and rabbit F(ab’)2 anti-rat IgG 

conjugated to FITC (STAR17B, BioRad). 

Primary monoclonal anti-integrin antibodies for immunoprecipitation were rat anti-α6 (GoH3, 

Abcam), mouse anti-β1 (TS2/16, Invitrogen), mouse anti-β4 (3E1, Millipore), mouse IgG 

(Sigma), and rat IgG (Sigma). 

2D and 3D cell culture 

The H6c7 cell line was used as a normal HPDE cell model. HPV-immortalised, human H6c7-

pBABE and H6c7-KRasG12V cell lines were provided by M.S. Tsao, Ontario Cancer 

Institute, Canada [40]. The retroviral vector pBabepuro-KRAS4BG12V contained the human 

KRAS4B oncogene (KRASþ) cDNA with a mutation in codon12 (GTT to GTT). Cells were 

maintained in a 5% (v/v) CO2 humidified atmosphere at 37°C, in Keratinocyte Basal Medium 

supplemented with BPE, EGF, insulin, hydrocortisone and GA-1000 (Lonza) or Keratinocyte-
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SFM supplemented with L-glutamine, EGF, BPE and antibiotic-antimycotic (Life 

Technologies). 

HPDE cells for 3D culture were incorporated into Matrigel/alginate gels and grown as 

described [51,88]. Briefly, 12 mg/ml growth factor reduced Matrigel (cat # 354230, BD 

Biosciences) was combined with 25 mg/ml alginate (Pronova SLG 100) resuspended in 

Dulbecco’s-modified Eagle’s medium (DMEM) on ice at a 2:1 ratio. HPDE cells were 

detached with trypsin/EDTA and 1x105 cells per gel mixed with Matrigel/alginate mixtures. 

1.22M calcium sulphate (CaSO4.2H2O) slurry was added in 50 µl DMEM to achieve a final 

concentration of 2.4 mM or 24 mM to generate medium and stiff gels, respectively. Rapid 

mixing of CaSO4 with Matrigel/alginate gels was achieved using 1 ml syringes connected via 

female-female luer lock couplers (Sigma, Superlco 21015). Mixed gels were immediately 

dispensed into wells of a 24-well plate, pre-coated with 50 µl Matrigel, and allowed to set for 

30 minutes at 37°C before addition of HPDE growth medium. 

SUIT-2, Panc1, MiaPaCa2 and KP4 cells [63,64,89] were obtained from ATCC and 

maintained in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS; Life 

Technologies, Carlsbad, CA) and 2 mM L-glutamine. Cells were maintained at 37°C in a 

humidified atmosphere with 5% (v/v) CO2. 

Mouse and human organoid culture 

Organoid growth and propagation conditions were as described by Below et al. [65]. In brief, 

murine pancreatic organoids (mPDOs) were isolated from tumour-bearing KPC mice from 

minced and enzymatically-digested tumour tissue. Human pancreatic organoids (hPDOs) 

were established from ultrasound-guided biopsy (EUS) or resected pancreatic cancer 

specimens. Cells were seeded in Matrigel and for passaging, mPDOs and hPDOs were 

separated from Matrigel by mechanical dissociation and seeded in a 1:6 (mPDO) or 1:2-1:4 

(hPDO) split ratio into Matrigel droplets. 

Patient research samples were obtained from the Manchester Cancer Research Centre 

(MCRC) Biobank with informed patient consent 

(www.mcrc.manchester.ac.uk/Biobank/Ethics-and-Licensing). The MCRC Biobank is 

licensed by the Human Tissue Authority (license number: 30004) and is ethically approved 

as a research tissue bank by the South Manchester Research Ethics Committee (Ref: 

07/H1003/161+5). 

Ras activation assay 

Assays were performed using Active Ras Detection Kit (Cell Signalling Technology), as per 

manufacturer’s guidelines. Briefly, cells were washed with Dulbecco’s phosphate-buffered 
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saline (PBS), and lysed with the addition of complete protease inhibitor (Roche). Samples 

were centrifuged at 22,000 x g for 10 minutes at 4°C, and the supernatant applied to spin 

cups containing GST-Raf1-RBD or GST-control beads for 1 hr at 4°C. Samples were 

centrifuged at 6000 x g, washed three times with lysis buffer and eluted by addition of 2x 

SDS reducing sample buffer (50 mM Tris-HCl, pH 6.8, 10% (w/v) glycerol, 4% (w/v) sodium 

dodecylsulfate (SDS), 0.004% (w/v) bromophenol blue, 8% (v/v) β-mercaptoethanol). 

Samples were resolved by SDS-PAGE and immunoblotted as indicated. 

IAC isolation 

IACs were isolated as described previously [42] without the use of the DTBP (Wang and 

Richard's Reagent) protein crosslinker. Briefly, HPDE cells were cultured in full medium on 

two 10 cm diameter tissue culture dishes per condition for 7 days. Cells were washed twice 

with PBS and cell bodies removed by a 1 minute incubation with extraction buffer (50 mM 

Tris-HCl, pH 7.6, 150 mM NaCl, 0.5% (w/v) SDS, 1% (v/v) Triton X-100, 1% (w/v) sodium 

deoxycholate, 5 mM EDTA). Denuded cells were subjected to high-pressure water wash (30 

seconds) to removed nuclei. IACs bound to the substrate were recovered in adhesion 

recovery solution (125 mM Tris-HCl, pH 6.8, 1% (w/v) SDS, 150mM dithiothreitol) and mixed 

with an appropriate volume of reducing sample buffer at 70 °C for 10 minutes before SDS-

PAGE and immunoblotting or visualised with InstantBlue Coomassie stain (Expedeon) and 

processed for mass spectrometry (MS) as described below. 

Secreted protein collection 

Serum-free growth medium, incubated for 72 hrs with confluent cells on 10 cm diameter 

tissue culture dishes was collected, passed through a 0.45 µm syringe filter to remove cells, 

and concentrated 40x by passing through VIVASPIN 20 MWCO 10 kDa centrifugal 

concentrator columns (Sartorius Stedim Biotech), as per manufacturer's guidelines. The 

concentrated samples were resolved by SDS-PAGE, InstantBlue Coomassie stained and 

processed for MS as described below. 

CDM isolation  

CDMs were generated as previously described [90–92]. In brief, HPDE cells were cultured 

from ~50% confluency for 7 days, on 10 cm diameter tissue-culture dishes, washed in PBS, 

and lysed in extraction buffer (20mM NH4OH, 0.5% Triton X-100, in PBS) for 2 min at room 

temperature. CDMs were incubated with 10µg/ml DNase I at 37°C for 30 min, and proteins 

recovered in 2x reducing SDS buffer by scraping. Samples were resolved by SDS-PAGE, 

InstantBlue Coomassie stained and processed for MS as described below. 

MS sample preparation 
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Proteins were subjected to SDS-PAGE using 4-12% Bis-Tris gels (Life Technologies) for 3 

minutes at 200 V, stained with InstantBlue Coomassie stain, and washed with distilled H2O 

overnight at 4°C. The gel band containing protein was excised and subjected to in-gel tryptic 

digestion in a perforated 96-well plate, as previously described [22]. Peptides were desalted 

using 1 mg POROS Oligo R3 beads (Thermo Fisher) as described [93], prior to MS analysis. 

MS data acquisition 

Peptide samples were analysed by LC-MS/MS using an UltiMate 3000 Rapid Separation LC 

system (Thermo Fisher Scientific) coupled online to an Orbitrap Elite mass spectrometer 

(Thermo Fisher Scientific). Peptides were concentrated and desalted on a Symmetry C18 

preparative column (20 mm × 180 μm 5-μm particle size, Waters) and separated on a 

bridged ethyl hybrid C18 analytical column (250 mm × 75 μm 1.7-μm particle size, Waters) 

using a 45-min linear gradient from 1% to 25% or 8% to 33% (v/v) acetonitrile in 0.1% (v/v) 

formic acid at a flow rate of 200 nl min−1. Peptides were selected for fragmentation 

automatically by data-dependent analysis. 

MS data analysis 

Tandem mass spectra were extracted using extract_msn (Thermo Fisher Scientific) or 

ProteoWizard [94] executed in Mascot Daemon (version 2.5.1; Matrix Science). Peak list 

files were searched against a modified version of the Uniprot human database, using Mascot 

(version 2.5.1; Matrix Science) [95]. For secreted protein and CDM analyses, Uniprot human 

database (release-2018_01) was used. For HPDE IAC analysis Uniprot human database 

(release-2016_04) was used. Carbamidomethylation of cysteine was set as a fixed 

modification; oxidation of methionine was allowed as a variable modification. For secreted 

protein and CDM analyses, hydroxylation of proline and lysine were allowed as additional 

variable modifications. Only tryptic peptides were considered, with up to one missed 

cleavage permitted. Monoisotopic precursor mass values were used, and only doubly and 

triply charged precursor ions were considered. Mass tolerances for precursor and fragment 

ions were 5 ppm Da and 0.5 Da, respectively. MS datasets were validated using statistical 

algorithms at both the peptide and protein level implemented in Scaffold (version 4.4.7, 

Proteome Software) [96,97]. For the IAC dataset protein identifications were accepted upon 

assignment of at least two unique validated peptides with ≥90% probability, resulting in 

≥99% probability at the protein level. These acceptance criteria resulted in an estimated 

protein false discovery rate of <0.01% with zero decoys. For the CDM and secreted protein 

datasets protein identifications were accepted upon assignment of at least two unique 

validated peptides with ≥95% probability, resulting in ≥99% probability at the protein level. 

These acceptance criteria resulted in an estimated protein false discovery rate of <0.01% 
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with zero decoys, and 0.02% with one decoy for CDM and secreted protein datasets 

respectively. Comparison of datasets with the IAC adhesome and matrisome were 

performed using the tools reported previously [43] and included ECM components of the 

consensus adhesome. 

MS data quantification 

For the IAC MS dataset, relative protein abundance was calculated using peptide intensity 

using Progenesis LC-MS (Non Linear Dynamics) with automatic alignment as previously 

described [93]. Orbitrap MS raw data was imported into Progenesis LC-MS to acquire 

intensity data. Features with number isotopes >2 and charge states of <5 were used to filter 

for peptide identifications and exported to an in-house Mascot server as described above. 

Mascot results were imported to Scaffold as above and peptide and protein identification 

thresholds were set to 90% and 99% confidence, respectively. Data were exported from 

Scaffold as a spectrum report, and imported into Progenesis LC-MS to assign peptide 

identifications to features. Protein identifications with quantification and assigned statistical 

q-values were then exported to be analysed. For secreted protein and CDM analysis, protein 

abundance was calculated as spectral counts as reported by Scaffold analysis and statistical 

comparisons made using QSpec [98]. Data were visualised as volcano plots using the online 

version of VolcaNoseR (https://huygens.science.uva.nl/VolcaNoseR) [99]. 

MS data deposition 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifiers PXD027803 (Project 

DOI: 10.6019/PXD027803), PXD027823 (Project DOI: 10.6019/PXD027823) and 

PXD027827 (Project DOI: 10.6019/PXD027827) [100]. 

Gene ontology (GO) enrichment analysis 

Official gene symbols were mapped to all protein identifications, and datasets were analysed 

using the online bioinformatic tools available via the Database for Annotation, Visualization 

and Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/home.jsp) [101]. Only terms 

with enrichment value ≥1.5, Bonferroni-corrected P-value <0.05, EASE score (modified 

Fisher Exact P-value) <0.05 and at least two genes per term were considered. 

Immunoprecipitation 

Cells were harvested and lysed for 10 minutes at 4°C with Pierce IP Lysis Buffer 

(ThermoFisher Scientific) supplemented with complete protease inhibitors (Roche). Cell 

debris was pelleted by centrifugation at 22,000 x g for 10 minutes at 4°C, and the 
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supernatant incubated with Protein-G Sepharose for 1 hr at 4°C. Antibody/Protein-G 

Sepharose mixes were added for 30 minutes at room temperature, centrifuged at 2680 x g 

for 2 minutes at 4°C, and the supernatant discarded. Samples were then washed with lysis 

buffer before elution of bound proteins with 2x reducing SDS buffer for 10 minutes at 70°C. 

Samples were centrifuged, the supernatant collected, resolved by SDS-PAGE and 

immunoblotted. 

Immunoblotting 

Unless otherwise specified, cells were lysed in 150 mM NaCl, 25 mM Tris-HCl, pH 7.4, 1 mM 

EDTA, 1% (v/v) NP-40, 5% (v/v) glycerol, 50 µg/ml leupeptin, 50 µg/ml aprotinin, 1 mM 4-(2-

aminoethyl)-benzenesulfonyl fluoride (AEBSF) and 1x PhosSTOP phosphatase inhibitor 

cocktail (Sigma-Aldrich), and centrifuged at 10,000 x g for 10 minutes at 4 °C. Cell lysates 

were separated by SDS–PAGE (4-12% Bis-Tris gels, Thermo Fisher) under reducing 

conditions and transferred to nitrocellulose membrane (Whatman). Membranes were 

blocked for 60 minutes at room temperature using either casein blocking buffer (Sigma-

Aldrich) or 5% (w/v) bovine serum albumin in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl 

containing 0.05% (w/v) Tween-20 (TBST). Primary antibodies, diluted in blocking buffer or 

5% (w/v) bovine serum albumin/TBST, were probed overnight at 4 °C and membranes 

washed using TBST for 30 minutes at room temperature.  Secondary antibodies diluted in 

blocking buffer or 5% (w/v) bovine serum albumin/TBST were then incubated for 45 minutes 

at room temperature in the dark and membranes washed in the dark using TBST for 

30 minutes at room temperature. Bound antibodies were visualised using an Odyssey 

infrared imaging system (LI-COR) and band intensities analysed using Odyssey software 

(LI-COR). 

siRNA knockdown of integrin β4 

HPDE and SUIT-2 cells were transfected with siRNAs by using oligofectamine (Sigma-

Aldrich) according to the manufacturer’s instructions. Knockdown of integrin β4 was 

performed by using SMARTpool reagents (L-008011-00-0005, Horizon) and ON-

TARGETplus nontargeting siRNA (Horizon) was used as a negative control. 

Immunofluorescence and image analysis 

Cells were cultured for up to 7 days on glass coverslips and fixed with 4% (w/v) 

paraformaldehyde for 15 minutes at room temperature and permeabilised with 0.2% (w/v) 

Triton X-100 in PBS for 20 minutes at room temperature. Coverslips were incubated with 

primary antibodies directed against proteins indicated in 2% (w/v) bovine serum albumin in 

PBS for 1 hour at room temperature. Cells were then incubated with fluorophore-conjugated 
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secondary antibodies for 45 minutes at room temperature, stained with 1 μg/ml DAPI for 1 

minute before washing and mounting onto glass slides. Images were acquired using an 

Olympus BX51 upright microscope with a 60x/0.65-1.25 UPlanFLN or 10x/0.30 UPlanFLN 

objective and captured using a Coolsnap EZ camera (Photometrics) through MetaVue 

software (Molecular Devices). Alternatively, images were acquired on an inverted confocal 

microscope (TCS SP5 Acousto-Optical Beam Splitter; Leica) by using a 63x objective (HCX 

Plan Apochromat, NA 1.25) and Leica Confocal Software (Leica). Image analysis was 

performed using ImageJ [102]. 

EdU incorporation, cell proliferation and cell cycle analysis 

To assess the proportion of proliferating cells, HPDE or SUIT-2 cells were either plated onto 

glass coverslips or tissue culture dishes and transfected as indicated with siRNA 

(Dharmacon on-target smartpool, Horizon Discovery). After 48 hours, cells were pulse-

labelled with 10 µM EdU for 50 minutes, fixed and EdU-labelled using Click-it chemistry 

according to the manufacturer’s instructions (Thermo Fisher Scientific). 

For imaging analysis, cells were counterstained with DAPI and phalloidin, washed three 

times with PBS containing 0.1% (w/v) Tween-20, and once with distilled H2O before 

mounting on coverslips by using ProLong diamond antifade reagent (Thermo Fisher) and 

imaging. Images were collected on a Zeiss Axioimager D2 upright microscope using a 

10x/0.3 EC Plan-neofluar objective and captured using a Coolsnap HQ2 camera 

(Photometrics) through Micromanager software v1.4.23. The total number of DAPI-positive 

nuclei were counted and the proportion of these that were positive for EdU staining 

determined. 

For analysis by flow cytometry, EdU-labelled cells were stained with FxCycle violet (Thermo 

Fisher) to label DNA content in the cell.  Samples of 10,000 cells were then analysed using a 

BD LSR Fortessa flow cytometer and FlowJo to determine the proportion of cells in G1, S 

and G2. 

Flow cytometry 

Cells were washed with PBS, detached with 1x trypsin-EDTA at 37°C and harvested by 

centrifugation at 280 x g for 4 min. Cell pellets were resuspended at 0.5-1 × 107 cells/ml in 

PBS with 1% (v/v) fetal calf serum on ice. Primary antibodies were diluted in PBS plus 0.1% 

(w/v) sodium azide and incubated with cells at 10 µg/ml for 60 minutes at 4°C. Following two 

washes with PBS containing fetal calf serum and centrifugation at 280 x g for 4 min, cells 

were incubated with appropriate species-specific FITC-conjugated secondary antibodies for 

30 minutes at 4°C. Cells were then washed three times with PBS containing fetal calf serum, 
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centrifuged at 280 x g for 4 min, resuspended in PBS, fixed with 0.4% (v/v) formaldehyde in 

PBS and analysed on a Dako CYAN, or Beckman Coulter Cyan ADP FACS machine 

(Beckman Coulter). 

Electron microscopy 

HPDE and SUIT-2 cells were grown on Aclar film (Agar Scientific) for seven days in culture 

medium and fixed with 4% (v/v) formaldehyde plus 2.5% (v/v) glutaraldehyde in 0.1M 

HEPES buffer (pH 7.2). Subsequently, samples were post-fixed with 1% (w/v) osmium 

tetroxide and 1.5% (w/v) potassium ferricyanide in 0.1M cacodylate buffer, pH 7.2 for 1 hour, 

then 1% (w/v) tannic acid in 0.1M cacodylate buffer, pH 7.2 for 1 hour and finally in 1% (w/v) 

uranyl acetate in distilled water for 1 hour. Samples were then dehydrated in an ethanol 

series infiltrated with TAAB Low Viscosity resin and polymerised for 24 hr at 60°C as thin 

layers on Alcar sheets. After polymerisation, Aclar sheets were peeled off and layers of 

polymerised resin with cells were re-embedded with the same resin as stacks. Sections were 

cut with a Reichert Ultracut ultramicrotome and observed with a FEI Tecnai 12 Biotwin 

microscope at 100kV accelerating voltage. Images were taken with a Gatan Orius SC1000 

CCD camera. 

Human pancreas samples 

Access to human pancreas samples for electron microscopy was obtained by following 

recommendations from the National Research Ethics Services (NRES). The protocol was 

ethically approved by the North-West Research Ethics Committee (Ref: 07/H1010/88). 

Author contributions 

Conceptualisation: JDH, JAA, CJ and MJH. Methodology: JDH, CJB, MCJ, AM and DK. 

Resources: AM, DK, DAO and MJD. Investigation: JDH, JZ, JB, MRC, JAA, CJB, AM, DAO, 

MJD, DRG and JDH. Writing: JDH and MJH (original draft); JDH, JZ, MRC, MCJ, AM, DRG, 

CJ and MJH (review & editing). Funding Acquisition: MJH and CJ. Supervision: JDH, MJH 

and CJ. 

Acknowledgments 

This work was supported by a Cancer Research UK Programme Grant (C13329/A21671; to 

MJH and CJ), Cancer Research UK Institute Award (A19258; to CJ), Cancer Research UK 

Experimental Medicine Programme Award (A25236; to CJ), the Rosetrees Trust (M286; to 

CJ) and a European Research Council Consolidator Award (ERC-2017-COG 772577; to 

CJ). Megan Chastney was supported by a PhD studentship from BBSRC. The work was 

conducted within the Wellcome Centre for Cell-Matrix Research (core award 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 
 

203128/Z/16/Z). The support of the Bio-MS mass spectrometry, flow cytometry, electron 

microscopy and bioimaging core facilities in the Faculty of Biology, Medicine and Health at 

the University of Manchester is gratefully acknowledged. 

The mass spectrometers and microscopes used in this study were purchased with grants 

from BBSRC, Wellcome Trust and the University of Manchester Strategic Fund.  

We thank E. Keevill (University of Manchester) for acquisition of MS data, J.N. Selley 

(University of Manchester) for bioinformatic support, P. March and R. Meadows (University 

of Manchester) for assistance with microscopy, X. Zhang and C. Hutton (Cancer Research 

UK Manchester Institute) for assistance with organoid culture. Monoclonal mouse antibody 

against human integrin β1 (clone JB1A) was kindly provided by J. A. Wilkins (University of 

Manitoba, Winnipeg, MB, Canada). 

Conflicts of interest 

The authors declare no conflicts of interest. 

 

Appendix A. Supplementary data 

Supplementary Table 1 MS data - H6c7 HPDE IAC Scaffold and Progenesis QI Analysis 

Supplementary Table 2 MS data - H6c7 HPDE CDM Scaffold analysis 

Supplementary Table 3 MS data - H6c7 HPDE secreted protein Scaffold analysis 

Supplementary Table 4 HPDE CDM and secreted protein Gene Ontology analysis 

 

References 

[1] L. Rahib, B.D. Smith, R. Aizenberg, A.B. Rosenzweig, J.M. Fleshman, L.M. Matrisian, 

Projecting cancer incidence and deaths to 2030: The unexpected burden of thyroid, 

liver, and pancreas cancers in the united states, Cancer Res. 74 (2014) 2913–2921. 

https://doi.org/10.1158/0008-5472.CAN-14-0155. 

[2] F. Bray, J. Ferlay, I. Soerjomataram, R.L. Siegel, L.A. Torre, A. Jemal, Global cancer 

statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 

cancers in 185 countries, CA. Cancer J. Clin. 68 (2018) 394–424. 

https://doi.org/10.3322/caac.21492. 

[3] C. Feig, A. Gopinathan, A. Neesse, D.S. Chan, N. Cook, D.A. Tuveson, The pancreas 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 
 

cancer microenvironment, Clin. Cancer Res. 18 (2012) 4266–4276. 

https://doi.org/10.1158/1078-0432.CCR-11-3114. 

[4] C. Tian, K.R. Clauser, D. Öhlund, S. Rickelt, Y. Huang, M. Gupta, D.R. Mani, S.A. 

Carr, D.A. Tuveson, R.O. Hynes, Proteomic analyses of ECM during pancreatic ductal 

adenocarcinoma progression reveal different contributions by tumor and stromal cells, 

Proc. Natl. Acad. Sci. U. S. A. 116 (2019) 19609–19618. 

https://doi.org/10.1073/pnas.1908626116. 

[5] C. Tian, D. Öhlund, S. Rickelt, T. Lidström, Y. Huang, L. Hao, R.T. Zhao, O. Franklin, 

S.N. Bhatia, D.A. Tuveson, R.O. Hynes, Cancer cell–derived matrisome proteins 

promote metastasis in pancreatic ductal adenocarcinoma, Cancer Res. 80 (2020) 

1461–1474. https://doi.org/10.1158/0008-5472.CAN-19-2578. 

[6] S. Liot, J. Balas, A. Aubert, L. Prigent, P. Mercier-Gouy, B. Verrier, P. Bertolino, A. 

Hennino, U. Valcourt, E. Lambert, Stroma Involvement in Pancreatic Ductal 

Adenocarcinoma: An Overview Focusing on Extracellular Matrix Proteins, Front. 

Immunol. 12 (2021). https://doi.org/10.3389/fimmu.2021.612271. 

[7] T.R. Cox, The matrix in cancer, Nat. Rev. Cancer. 21 (2021) 217–238. 

https://doi.org/10.1038/s41568-020-00329-7. 

[8] H. Hamidi, J. Ivaska, Every step of the way: integrins in cancer progression and 

metastasis, Nat. Rev. Cancer. (2018) 1–16. https://doi.org/10.1038/s41568-018-0038-

z. 

[9] M. Bachmann, S. Kukkurainen, V.P. Hytönen, B. Wehrle-Haller, Cell adhesion by 

integrins, Physiol. Rev. 99 (2019) 1655–1699. 

https://doi.org/10.1152/physrev.00036.2018. 

[10] Y.G. Mishra, B. Manavathi, Focal adhesion dynamics in cellular function and disease, 

Cell. Signal. 85 (2021) 110046. https://doi.org/10.1016/j.cellsig.2021.110046. 

[11] J.D. Humphries, M.R. Chastney, J.A. Askari, M.J. Humphries, Signal transduction via 

integrin adhesion complexes, Curr. Opin. Cell Biol. 56 (2019) 14–21. 

https://doi.org/10.1016/j.ceb.2018.08.004. 

[12] H.J. Green, N.H. Brown, Integrin intracellular machinery in action, Exp. Cell Res. 378 

(2019) 226–231. https://doi.org/10.1016/j.yexcr.2019.03.011. 

[13] M.R. Chastney, J.R.W. Conway, J. Ivaska, Integrin adhesion complexes, Curr. Biol. 

31 (2021) R536–R542. https://doi.org/10.1016/j.cub.2021.01.038. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 
 

[14] R. Oria, T. Wiegand, J. Escribano, A. Elosegui-Artola, J.J. Uriarte, C. Moreno-Pulido, 

I. Platzman, P. Delcanale, L. Albertazzi, D. Navajas, X. Trepat, J.M. García-Aznar, 

E.A. Cavalcanti-Adam, P. Roca-Cusachs, Force loading explains spatial sensing of 

ligands by cells, Nature. 552 (2017) 219–224. https://doi.org/10.1038/nature24662. 

[15] L.B. Case, C.M. Waterman, Integration of actin dynamics and cell adhesion by a 

three-dimensional, mechanosensitive molecular clutch., Nat. Cell Biol. advance on 

(2015). https://doi.org/10.1038/ncb3191. 

[16] S.E. Winograd-Katz, R. Fässler, B. Geiger, K.R. Legate, The integrin adhesome: 

From genes and proteins to human disease, Nat. Rev. Mol. Cell Biol. 15 (2014) 273–

288. https://doi.org/10.1038/nrm3769. 

[17] R. Zaidel-Bar, S. Itzkovitz, A. Ma’ayan, R. Iyengar, B. Geiger, Functional atlas of the 

integrin adhesome, Nat. Cell Biol. 9 (2007) 858–867. https://doi.org/10.1038/ncb0807-

858. 

[18] J. Robertson, G. Jacquemet, A. Byron, M.C. Jones, S. Warwood, J.N. Selley, D. 

Knight, J.D. Humphries, M.J. Humphries, Defining the phospho-adhesome through 

the phosphoproteomic analysis of integrin signalling, Nat. Commun. 6 (2015) 6265. 

https://doi.org/10.1038/ncomms7265. 

[19] J.M. Dong, F.P.L. Tay, H.L.F. Swa, J. Gunaratne, T. Leung, B. Burke, E. Manser, 

Proximity biotinylation provides insight into the molecular composition of focal 

adhesions at the nanometer scale, Sci. Signal. 9 (2016) rs4. 

https://doi.org/10.1126/scisignal.aaf3572. 

[20] H.B. Schiller, M.-R. Hermann, J. Polleux, T. Vignaud, S. Zanivan, C.C. Friedel, Z. 

Sun, A. Raducanu, K.-E. Gottschalk, M. Théry, M. Mann, R. Fässler, β1- and αv-class 

integrins cooperate to regulate myosin II during rigidity sensing of fibronectin-based 

microenvironments., Nat. Cell Biol. 15 (2013) 625–36. 

https://doi.org/10.1038/ncb2747. 

[21] H.B. Schiller, C.C. Friedel, C. Boulegue, R. Fässler, Quantitative proteomics of the 

integrin adhesome show a myosin II-dependent recruitment of LIM domain proteins., 

EMBO Rep. 12 (2011) 259–66. https://doi.org/10.1038/embor.2011.5. 

[22] J.D. Humphries, A. Byron, M.D. Bass, S.E. Craig, J.W. Pinney, D. Knight, M.J. 

Humphries, Proteomic analysis of integrin-associated complexes identifies RCC2 as a 

dual regulator of Rac1 and Arf6, Sci. Signal. 2 (2009) ra51. 

https://doi.org/10.1126/scisignal.2000396. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 
 

[23] J.-C. Kuo, X. Han, C.-T. Hsiao, J.R. Yates, C.M. Waterman, Analysis of the myosin-II-

responsive focal adhesion proteome reveals a role for β-Pix in negative regulation of 

focal adhesion maturation., Nat. Cell Biol. 13 (2011) 383–93. 

https://doi.org/10.1038/ncb2216. 

[24] A. Byron, J.A. Askari, J.D. Humphries, G. Jacquemet, E.J. Koper, S. Warwood, C.K. 

Choi, M.J. Stroud, C.S. Chen, D. Knight, M.J. Humphries, A proteomic approach 

reveals integrin activation state-dependent control of microtubule cortical targeting, 

Nat. Commun. 6 (2015) 6135. https://doi.org/10.1038/ncomms7135. 

[25] M.J. Randles, F. Lausecker, J.D. Humphries, A. Byron, S.J. Clark, J.H. Miner, R. 

Zent, M.J. Humphries, R. Lennon, Basement membrane ligands initiate distinct 

signalling networks to direct cell shape, Matrix Biol. 90 (2020) 61–78. 

https://doi.org/10.1016/j.matbio.2020.02.005. 

[26] E.R. Horton, A. Byron, J.A. Askari, D.H.J. Ng, A. Millon-Frémillon, J. Robertson, E.J. 

Koper, N.R. Paul, S. Warwood, D. Knight, J.D. Humphries, M.J. Humphries, Definition 

of a consensus integrin adhesome and its dynamics during adhesion complex 

assembly and disassembly, Nat. Cell Biol. 17 (2015) 1577–1587. 

https://doi.org/10.1038/ncb3257. 

[27] M.R. Chastney, C. Lawless, J.D. Humphries, S. Warwood, M.C. Jones, D. Knight, C. 

Jorgensen, M.J. Humphries, Topological features of integrin adhesion complexes 

revealed by multiplexed proximity biotinylation, J. Cell Biol. 219 (2020). 

https://doi.org/10.1083/JCB.202003038. 

[28] F.B. Kai, A.P. Drain, V.M. Weaver, The Extracellular Matrix Modulates the Metastatic 

Journey, Dev. Cell. 49 (2019) 332–346. https://doi.org/10.1016/j.devcel.2019.03.026. 

[29] B. Ren, M. Cui, G. Yang, H. Wang, M. Feng, L. You, Y. Zhao, Tumor 

microenvironment participates in metastasis of pancreatic cancer, Mol. Cancer. 17 

(2018) 1–15. https://doi.org/10.1186/s12943-018-0858-1. 

[30] A. Mamidi, C. Prawiro, P.A. Seymour, K.H. de Lichtenberg, A. Jackson, P. Serup, H. 

Semb, Mechanosignalling via integrins directs fate decisions of pancreatic 

progenitors, Nature. (2018). https://doi.org/10.1038/s41586-018-0762-2. 

[31] A.-F. Blandin, G. Renner, M. Lehmann, I. Lelong-Rebel, S. Martin, M. Dontenwill, β1 

Integrins as Therapeutic Targets to Disrupt Hallmarks of Cancer., Front. Pharmacol. 6 

(2015) 279. https://doi.org/10.3389/fphar.2015.00279. 

[32] M.W. Pickup, J.K. Mouw, V.M. Weaver, The extracellular matrix modulates the 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 
 

hallmarks of cancer., EMBO Rep. (2014). https://doi.org/10.15252/embr.201439246. 

[33] M.C. Jones, J. Zha, M.J. Humphries, Connections between the cell cycle, cell 

adhesion and the cytoskeleton, Philos. Trans. R. Soc. B Biol. Sci. 374 (2019) 

20180227. https://doi.org/10.1098/rstb.2018.0227. 

[34] M.C. Jones, J.A. Askari, J.D. Humphries, M.J. Humphries, Cell adhesion is regulated 

by CDK1 during the cell cycle, J. Cell Biol. 217 (2018) 3203–3218. 

https://doi.org/10.1083/jcb.201802088. 

[35] R.E. Gough, M.C. Jones, T. Zacharchenko, S. Le, M. Yu, G. Jacquemet, S.P. 

Muench, J. Yan, J.D. Humphries, C. Jørgensen, M.J. Humphries, B.T. Goult, Talin 

mechanosensitivity is modulated by a direct interaction with cyclin-dependent kinase-

1, J. Biol. Chem. 0 (2021) 100837. https://doi.org/10.1016/j.jbc.2021.100837. 

[36] H. Jiang, S. Hegde, B.L. Knolhoff, Y. Zhu, J.M. Herndon, M.A. Meyer, T.M. Nywening, 

W.G. Hawkins, I.M. Shapiro, D.T. Weaver, J.A. Pachter, A. Wang-Gillam, D.G. 

DeNardo, Targeting focal adhesion kinase renders pancreatic cancers responsive to 

checkpoint immunotherapy, Nat. Med. 22 (2016) 851–860. 

https://doi.org/10.1038/nm.4123. 

[37] J. Cooper, F.G. Giancotti, Integrin Signaling in Cancer: Mechanotransduction, 

Stemness, Epithelial Plasticity, and Therapeutic Resistance, Cancer Cell. 35 (2019) 

347–367. https://doi.org/10.1016/j.ccell.2019.01.007. 

[38] S. Raab-Westphal, J.F. Marshall, S.L. Goodman, Integrins as therapeutic targets: 

Successes and cancers, Cancers (Basel). 9 (2017) 110. 

https://doi.org/10.3390/cancers9090110. 

[39] A. V. Biankin, N. Waddell, K.S. Kassahn, M.C. Gingras, L.B. Muthuswamy, A.L. 

Johns, D.K. Miller, P.J. Wilson, A.M. Patch, J. Wu, D.K. Chang, M.J. Cowley, B.B. 

Gardiner, S. Song, I. Harliwong, S. Idrisoglu, C. Nourse, E. Nourbakhsh, S. Manning, 

S. Wani, M. Gongora, M. Pajic, C.J. Scarlett, A.J. Gill, A. V. Pinho, I. Rooman, M. 

Anderson, O. Holmes, C. Leonard, D. Taylor, S. Wood, Q. Xu, K. Nones, J.L. Fink, A. 

Christ, T. Bruxner, N. Cloonan, G. Kolle, F. Newell, M. Pinese, R.S. Mead, J.L. 

Humphris, W. Kaplan, M.D. Jones, E.K. Colvin, A.M. Nagrial, E.S. Humphrey, A. 

Chou, V.T. Chin, L.A. Chantrill, A. Mawson, J.S. Samra, J.G. Kench, J.A. Lovell, R.J. 

Daly, N.D. Merrett, C. Toon, K. Epari, N.Q. Nguyen, A. Barbour, N. Zeps, N. Kakkar, 

F. Zhao, Y.Q. Wu, M. Wang, D.M. Muzny, W.E. Fisher, F.C. Brunicardi, S.E. Hodges, 

J.G. Reid, J. Drummond, K. Chang, Y. Han, L.R. Lewis, H. Dinh, C.J. Buhay, T. Beck, 

L. Timms, M. Sam, K. Begley, A. Brown, D. Pai, A. Panchal, N. Buchner, R. De Borja, 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 
 

R.E. Denroche, C.K. Yung, S. Serra, N. Onetto, D. Mukhopadhyay, M.S. Tsao, P.A. 

Shaw, G.M. Petersen, S. Gallinger, R.H. Hruban, A. Maitra, C.A. Iacobuzio-Donahue, 

R.D. Schulick, C.L. Wolfgang, R.A. Morgan, R.T. Lawlor, P. Capelli, V. Corbo, M. 

Scardoni, G. Tortora, M.A. Tempero, K.M. Mann, N.A. Jenkins, P.A. Perez-Mancera, 

D.J. Adams, D.A. Largaespada, L.F.A. Wessels, A.G. Rust, L.D. Stein, D.A. Tuveson, 

N.G. Copeland, E.A. Musgrove, A. Scarpa, J.R. Eshleman, T.J. Hudson, R.L. 

Sutherland, D.A. Wheeler, J. V. Pearson, J.D. McPherson, R.A. Gibbs, S.M. 

Grimmond, Pancreatic cancer genomes reveal aberrations in axon guidance pathway 

genes, Nature. 491 (2012) 399–405. https://doi.org/10.1038/nature11547. 

[40] N. Radulovich, J. ying Qian, M.S. Tsao, Human Pancreatic Duct Epithelial Cell Model 

for KRAS Transformation, Methods Enzymol. 439 (2008) 1–13. 

https://doi.org/10.1016/S0076-6879(07)00401-6. 

[41] J. Qian, J. Niu, M. Li, P.J. Chiao, M.S. Tsao, In vitro modeling of human pancreatic 

duct epithelial cell transformation defines gene expression changes induced by K-ras 

oncogenic activation in pancreatic carcinogenesis, Cancer Res. 65 (2005) 5045–

5053. https://doi.org/10.1158/0008-5472.CAN-04-3208. 

[42] M.C. Jones, J.D. Humphries, A. Byron, A. Millon-Frémillon, J. Robertson, N.R. Paul, 

D.H.J. Ng, J.A. Askari, M.J. Humphries, Isolation of integrin-based adhesion 

complexes, Curr. Protoc. Cell Biol. 2015 (2015) 9.8.1-9.8.15. 

https://doi.org/10.1002/0471143030.cb0908s66. 

[43] E.R. Horton, Functional Bioinformatics Analyses of the Matrisome and Integrin 

Adhesome, in: Methods Mol. Biol., Methods Mol Biol, 2021: pp. 285–300. 

https://doi.org/10.1007/978-1-0716-0962-0_16. 

[44] G. Walko, M.J. Castañón, G. Wiche, Molecular architecture and function of the 

hemidesmosome, Cell Tissue Res. 360 (2015) 529–544. 

https://doi.org/10.1007/s00441-015-2216-6. 

[45] A. Naba, K.R. Clauser, S. Hoersch, H. Liu, S.A. Carr, R.O. Hynes, The matrisome: In 

silico definition and in vivo characterization by proteomics of normal and tumor 

extracellular matrices, Mol. Cell. Proteomics. 11 (2012) M111.014647. 

https://doi.org/10.1074/mcp.M111.014647. 

[46] A. Naba, K.R. Clauser, H. Ding, C.A. Whittaker, S.A. Carr, R.O. Hynes, The 

extracellular matrix: Tools and insights for the “omics” era, Matrix Biol. 49 (2016) 10–

24. https://doi.org/10.1016/j.matbio.2015.06.003. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 
 

[47] P.C. Marchisio, S. Bondanza, O. Cremona, R. Cancedda, M. De Luca, Polarized 

expression of integrin receptors (α6β4,α2β1,α3β1, and α(v)/β5) and their relationship 

with the cytoskeleton and basement membrane matrix in cultured human 

keratinocytes, J. Cell Biol. 112 (1991) 761–773. https://doi.org/10.1083/jcb.112.4.761. 

[48] M.G. Nievers, R.Q.J. Schaapveld, A. Sonnenberg, Biology and function of 

hemidesmosomes, Matrix Biol. 18 (1999) 5–17. https://doi.org/10.1016/S0945-

053X(98)00003-1. 

[49] J. Pape, M. Emberton, U. Cheema, 3D Cancer Models: The Need for a Complex 

Stroma, Compartmentalization and Stiffness, Front. Bioeng. Biotechnol. 9 (2021). 

https://doi.org/10.3389/fbioe.2021.660502. 

[50] J. Rodrigues, M.A. Heinrich, L.M. Teixeira, J. Prakash, 3D In Vitro Model (R)evolution: 

Unveiling Tumor–Stroma Interactions, Trends in Cancer. 7 (2021) 249–264. 

https://doi.org/10.1016/j.trecan.2020.10.009. 

[51] O. Chaudhuri, S.T. Koshy, C. Branco Da Cunha, J.W. Shin, C.S. Verbeke, K.H. 

Allison, D.J. Mooney, Extracellular matrix stiffness and composition jointly regulate the 

induction of malignant phenotypes in mammary epithelium, Nat. Mater. 13 (2014) 

970–978. https://doi.org/10.1038/nmat4009. 

[52] C. Branco da Cunha, D.D. Klumpers, W.A. Li, S.T. Koshy, J.C. Weaver, O. 

Chaudhuri, P.L. Granja, D.J. Mooney, Influence of the stiffness of three-dimensional 

alginate/collagen-I interpenetrating networks on fibroblast biology, Biomaterials. 35 

(2014) 8927–8936. https://doi.org/10.1016/j.biomaterials.2014.06.047. 

[53] D. Tuveson, H. Clevers, Cancer modeling meets human organoid technology, 

Science (80-. ). 364 (2019) 952–955. https://doi.org/10.1126/science.aaw6985. 

[54] L.D. Wood, A.J. Ewald, Organoids in cancer research: a review for pathologist�

scientists, J. Pathol. (2021) path.5684. https://doi.org/10.1002/path.5684. 

[55] S.F. Boj, C. Il Hwang, L.A. Baker, I.I.C. Chio, D.D. Engle, V. Corbo, M. Jager, M. 

Ponz-Sarvise, H. Tiriac, M.S. Spector, A. Gracanin, T. Oni, K.H. Yu, R. Van Boxtel, M. 

Huch, K.D. Rivera, J.P. Wilson, M.E. Feigin, D. Öhlund, A. Handly-Santana, C.M. 

Ardito-Abraham, M. Ludwig, E. Elyada, B. Alagesan, G. Biffi, G.N. Yordanov, B. 

Delcuze, B. Creighton, K. Wright, Y. Park, F.H.M. Morsink, I.Q. Molenaar, I.H. Borel 

Rinkes, E. Cuppen, Y. Hao, Y. Jin, I.J. Nijman, C. Iacobuzio-Donahue, S.D. Leach, 

D.J. Pappin, M. Hammell, D.S. Klimstra, O. Basturk, R.H. Hruban, G.J. Offerhaus, 

R.G.J. Vries, H. Clevers, D.A. Tuveson, Organoid models of human and mouse ductal 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 
 

pancreatic cancer, Cell. 160 (2015) 324–338. 

https://doi.org/10.1016/j.cell.2014.12.021. 

[56] A. Amsterdam, J.D. Jamieson, Studies on dispersed pancreatic exocrine cells: I. 

dissociation technique and morphologic characteristics of separated cells, J. Cell Biol. 

63 (1974) 1037–1056. https://doi.org/10.1083/jcb.63.3.1037. 

[57] J.H.M. van Deijnen, C.E. Hulstaert, G.H.J. Wolters, R. van Schilfgaarde, Significance 

of the peri-insular extracellular matrix for islet isolation from the pancreas of rat, dog, 

pig, and man, Cell Tissue Res. 267 (1992) 139–146. 

https://doi.org/10.1007/BF00318700. 

[58] H. Kern, The pancreas. Biology, pathobiology, and disease, in: S.G. Go VLW, 

DiMagno EP, Gardner JD, Lebenthal E, Reber HA (Ed.), 2nd ed., Raven, New York, 

NY, 1993: pp. 9–19. https://journals.lww.com/pancreasjournal/Documents/pancreas 

chapters/the pancreas Ch2.pdf. 

[59] K.J. Norberg, X. Liu, C. Fernández Moro, C. Strell, S. Nania, M. Blümel, A. Balboni, B. 

Bozóky, R.L. Heuchel, J.M. Löhr, A novel pancreatic tumour and stellate cell 3D co-

culture spheroid model, BMC Cancer. 20 (2020) 475. https://doi.org/10.1186/s12885-

020-06867-5. 

[60] S.A. Rajasekaran, J. Gopal, C. Espineda, S. Ryazantsev, E.E. Schneeberger, A.K. 

Rajasekaran, HPAF-II, a cell culture model to study pancreatic epithelial cell structure 

and function, Pancreas. 29 (2004). https://doi.org/10.1097/00006676-200410000-

00016. 

[61] J.A. Broussard, S. Getsios, K.J. Green, Desmosome regulation and signaling in 

disease, Cell Tissue Res. 360 (2015) 501–512. https://doi.org/10.1007/s00441-015-

2136-5. 

[62] M. Chidgey, C. Dawson, Desmosomes: a role in cancer?, Br. J. Cancer 2007 9612. 

96 (2007) 1783–1787. https://doi.org/10.1038/sj.bjc.6603808. 

[63] E.L. Deer, J. González-Hernández, J.D. Coursen, J.E. Shea, J. Ngatia, C.L. Scaife, 

M.A. Firpo, S.J. Mulvihill, Phenotype and genotype of pancreatic cancer cell lines, 

Pancreas. 39 (2010) 425–435. https://doi.org/10.1097/MPA.0b013e3181c15963. 

[64] T. Iwamura, T. Katsuki, K. Ide, Establishment and Characterization of a Human 

Pancreatic Cancer Cell Line (SUIT-2) Producing Carcinoembryonic Antigen and 

Carbohydrate Antigen 19-9, Japanese J. Cancer Res. GANN. 78 (1987) 54–62. 

https://doi.org/10.20772/cancersci1985.78.1_54. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 
 

[65] C. Below, Christopher R, Humphries, Martin J, Griffiths, Linda G, Jorgensen, A 

microenvironment-inspired synthetic 3D model for pancreatic ductal adenocarcinoma 

organoids, Nat. Mater. In Press (2021). 

[66] H. Laklai, Y.A. Miroshnikova, M.W. Pickup, E.A. Collisson, G.E. Kim, A.S. Barrett, 

R.C. Hill, J.N. Lakins, D.D. Schlaepfer, J.K. Mouw, V.S. LeBleu, N. Roy, S. V 

Novitskiy, J.S. Johansen, V. Poli, R. Kalluri, C.A. Iacobuzio-Donahue, L.D. Wood, M. 

Hebrok, K. Hansen, H.L. Moses, V.M. Weaver, Genotype tunes pancreatic ductal 

adenocarcinoma tissue tension to induce matricellular fibrosis and tumor progression., 

Nat. Med. 22 (2016) 497–505. https://doi.org/10.1038/nm.4082. 

[67] H. Tiriac, D. Plenker, L.A. Baker, D.A. Tuveson, Organoid models for translational 

pancreatic cancer research, Curr. Opin. Genet. Dev. 54 (2019) 7–11. 

https://doi.org/10.1016/j.gde.2019.02.003. 

[68] P. Rousselle, J.Y. Scoazec, Laminin 332 in cancer: When the extracellular matrix 

turns signals from cell anchorage to cell movement, Semin. Cancer Biol. 62 (2020) 

149–165. https://doi.org/10.1016/j.semcancer.2019.09.026. 

[69] V.A. Jones, P.M. Patel, F.T. Gibson, A. Cordova, K.T. Amber, The Role of Collagen 

XVII in Cancer: Squamous Cell Carcinoma and Beyond, 2020. 

https://doi.org/10.3389/fonc.2020.00352. 

[70] V. Ramovs, L. te Molder, A. Sonnenberg, The opposing roles of laminin-binding 

integrins in cancer, Matrix Biol. 57–58 (2017) 213–243. 

https://doi.org/10.1016/j.matbio.2016.08.007. 

[71] S. Laval, H. Laklai, M. Fanjul, M. Pucelle, H. Laurell, A. Billon-Galés, S. Le Guellec, 

M.B. Delisle, A. Sonnenberg, C. Susini, S. Pyronnet, C. Bousquet, Dual roles of 

hemidesmosomal proteins in the pancreatic epithelium: The phosphoinositide 3-

kinase decides, Oncogene. 33 (2014) 1934–1944. 

https://doi.org/10.1038/onc.2013.146. 

[72] T. Tani, A. Lumme, A. Linnala, E. Kivilaakso, T. Kiviluoto, R.E. Burgeson, L. Kangas, 

I. Leivo, I. Virtanen, Pancreatic carcinomas deposit laminin-5, preferably adhere to 

laminin- 5, and migrate on the newly deposited basement membrane, Am. J. Pathol. 

151 (1997) 1289–1302. http://www.ncbi.nlm.nih.gov/pubmed/9358755 (accessed 

August 9, 2018). 

[73] F.X. Jiang, G. Naselli, L.C. Harrison, Distinct distribution of laminin and its integrin 

receptors in the pancreas, J. Histochem. Cytochem. 50 (2002) 1625–1632. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 
 

https://doi.org/10.1177/002215540205001206. 

[74] B. Gleason, B. Adley, M.S. Rao, L.K. Diaz, Immunohistochemical detection of the β4 

integrin subunit im pancreatic adenocarcinoma, J. Histochem. Cytochem. 53 (2005) 

799–801. https://doi.org/10.1369/jhc.4B6522.2005. 

[75] Z. Cruz-Monserrate, S. Qiu, B.M. Evers, K.L. O’Connor, Upregulation and 

redistribution of integrin α6β4 expression occurs at an early stage in pancreatic 

adenocarcinoma progression, Mod. Pathol. 20 (2007) 656–667. 

https://doi.org/10.1038/modpathol.3800782. 

[76] L. Leung, N. Radulovich, C.Q. Zhu, D. Wang, C. To, E. Ibrahimov, M.S. Tsao, Loss of 

canonical Smad4 signaling promotes KRAS driven malignant transformation of human 

pancreatic duct epithelial cells and metastasis, 2013. 

https://doi.org/10.1371/journal.pone.0084366. 

[77] S. Hatakeyama, S. Hayashi, Y. Yoshida, A. Otsubo, K. Yoshimoto, Y. Oikawa, M. 

Satoh, Retinoic acid disintegrated desmosomes and hemidesmosomes in stratified 

oral keratinocytes, J. Oral Pathol. Med. 33 (2004) 622–628. 

https://doi.org/10.1111/j.1600-0714.2004.00245.x. 

[78] A. Sonnenberg, A.A. De Melker, A.M. Martinez De Velasco, H. Janssen, J. Calafat, 

C.M. Niessen, Formation of hemidesmosomes in cells of a transformed murine 

mammary tumor cell line and mechanisms involved in adherence of these cells to 

laminin and kalinin, J. Cell Sci. 106 (1993) 1083–1102. 

https://doi.org/10.1242/jcs.106.4.1083. 

[79] S.E. Baker, S.B. Hopkinson, M. Fitchmun, G.L. Andreason, F. Frasier, G. Plopper, V. 

Quaranta, J.C.R. Jones, Laminin-5 and hemidesmosomes: Role of the α3 chain 

subunit in hemidesmosome stability and assembly, J. Cell Sci. 109 (1996) 2509–

2520. https://doi.org/10.1242/jcs.109.10.2509. 

[80] K.S. Riddelle, K.J. Green, J.C.R. Jones, Formation of hemidesmosomes in vitro by a 

transformed rat bladder cell line, J. Cell Biol. 112 (1991) 159–168. 

https://doi.org/10.1083/jcb.112.1.159. 

[81] Y. Hirako, Y. Yonemoto, T. Yamauchi, Y. Nishizawa, Y. Kawamoto, K. Owaribe, 

Isolation of a hemidesmosome-rich fraction from a human squamous cell carcinoma 

cell line, Exp. Cell Res. 324 (2014) 172–182. 

https://doi.org/10.1016/j.yexcr.2014.04.002. 

[82] D.M. Jorgens, J.L. Inman, M. Wojcik, C. Robertson, H. Palsdottir, W.T. Tsai, H. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 
 

Huang, A. Bruni-Cardoso, C.S. López, M.J. Bissell, K. Xu, M. Auer, Deep nuclear 

invaginations are linked to cytoskeletal filaments - integrated bioimaging of epithelial 

cells in 3D culture, J. Cell Sci. 130 (2017) 177–189. 

https://doi.org/10.1242/jcs.190967. 

[83] E.S. Koeleman, A. Loftus, A.D. Yiapanas, A. Byron, Regulation of Cell-Matrix 

Adhesion Networks: Insights from Proteomics, in: Springer, Cham, 2020: pp. 183–

208. https://doi.org/10.1007/978-3-030-58330-9_9. 

[84] A. Manninen, M. Varjosalo, A proteomics view on integrin-mediated adhesions, 

Proteomics. 17 (2017). https://doi.org/10.1002/pmic.201600022. 

[85] V. Todorović, B. V. Desai, R.A. Eigenheer, T. Yin, E. V. Amargo, M. Mrksich, K.J. 

Green, M.J.S. Patterson, Detection of differentially expressed basal cell proteins by 

mass spectrometry, Mol. Cell. Proteomics. 9 (2010) 351–361. 

https://doi.org/10.1074/mcp.M900358-MCP200. 

[86] I. Pastushenko, F. Mauri, Y. Song, F. de Cock, B. Meeusen, B. Swedlund, F. Impens, 

D. Van Haver, M. Opitz, M. Thery, Y. Bareche, G. Lapouge, M. Vermeersch, Y.R. Van 

Eycke, C. Balsat, C. Decaestecker, Y. Sokolow, S. Hassid, A. Perez-Bustillo, B. 

Agreda-Moreno, L. Rios-Buceta, P. Jaen, P. Redondo, R. Sieira-Gil, J.F. Millan-

Cayetano, O. Sanmatrtin, N. D’Haene, V. Moers, M. Rozzi, J. Blondeau, S. Lemaire, 

S. Scozzaro, V. Janssens, M. De Troya, C. Dubois, D. Pérez-Morga, I. Salmon, C. 

Sotiriou, F. Helmbacher, C. Blanpain, Fat1 deletion promotes hybrid EMT state, 

tumour stemness and metastasis, Nature. 589 (2021) 448–455. 

https://doi.org/10.1038/s41586-020-03046-1. 

[87] D.S. Tuckwell, L. Smith, M. Korda, J.A. Askari, S. Santoso, M.J. Barnes, R.W. 

Farndale, M.J. Humphries, Monoclonal antibodies identify residues 199-216 of the 

integrin α2 vWFA domain as a functionally important region within α2β1, Biochem. J. 

350 (2000) 485–493. https://doi.org/10.1042/0264-6021:3500485. 

[88] A.M. Wood, H. Sun, J. Williams, K.R. Brennan, A.P. Gilmore, C.H. Streuli, Three-

dimensional breast culture models: New culture models for analyzing breast 

development and function. New culture models for analyzing breast development and 

function., in: Organoids and Mini-Organs, Elsevier Inc., 2018: pp. 73–88. 

https://doi.org/10.1016/B978-0-12-812636-3.00004-3. 

[89] A. Bairoch, The cellosaurus, a cell-line knowledge resource, J. Biomol. Tech. 29 

(2018) 25–38. https://doi.org/10.7171/jbt.18-2902-002. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


32 
 

[90] E. Cukierman, R. Pankov, D.R. Stevens, K.M. Yamada, Taking cell-matrix adhesions 

to the third dimension., Science (80-. ). 294 (2001) 1708–1712. 

https://doi.org/10.1126/science.1064829. 

[91] D.A. Beacham, M.D. Amatangelo, E. Cukierman, Preparation of Extracellular Matrices 

Produced by Cultured and Primary Fibroblasts, in: Curr. Protoc. Cell Biol., John Wiley 

& Sons, Inc., 2001. http://dx.doi.org/10.1002/0471143030.cb1009s33. 

[92] S.T. Rashid, J.D. Humphries, A. Byron, A. Dhar, J.A. Askari, J.N. Selley, D. Knight, 

R.D. Goldin, M. Thursz, M.J. Humphries, Proteomic analysis of extracellular matrix 

from the hepatic stellate cell line LX-2 identifies CYR61 and Wnt-5a as novel 

constituents of fibrotic liver, J. Proteome Res. 11 (2012) 4052–4064. 

https://doi.org/10.1021/pr3000927. 

[93] E.R. Horton, J.D. Humphries, B. Stutchbury, G. Jacquemet, C. Ballestrem, S.T. Barry, 

M.J. Humphries, Modulation of FAK and Src adhesion signaling occurs independently 

of adhesion complex composition, J. Cell Biol. 212 (2016) 349–364. 

https://doi.org/10.1083/jcb.201508080. 

[94] M.C. Chambers, B. MacLean, R. Burke, D. Amodei, D.L. Ruderman, S. Neumann, L. 

Gatto, B. Fischer, B. Pratt, J. Egertson, K. Hoff, D. Kessner, N. Tasman, N. Shulman, 

B. Frewen, T.A. Baker, M.Y. Brusniak, C. Paulse, D. Creasy, L. Flashner, K. Kani, C. 

Moulding, S.L. Seymour, L.M. Nuwaysir, B. Lefebvre, F. Kuhlmann, J. Roark, P. 

Rainer, S. Detlev, T. Hemenway, A. Huhmer, J. Langridge, B. Connolly, T. Chadick, 

K. Holly, J. Eckels, E.W. Deutsch, R.L. Moritz, J.E. Katz, D.B. Agus, M. MacCoss, 

D.L. Tabb, P. Mallick, A cross-platform toolkit for mass spectrometry and proteomics, 

Nat. Biotechnol. 30 (2012) 918–920. https://doi.org/10.1038/nbt.2377. 

[95] D.N. Perkins, D.J.C. Pappin, D.M. Creasy, J.S. Cottrell, Probability-based protein 

identification by searching sequence databases using mass spectrometry data, 

Electrophoresis. 20 (1999) 3551–3567. 

[96] A.I. Nesvizhskii, A. Keller, E. Kolker, R. Aebersold, A statistical model for identifying 

proteins by tandem mass spectrometry, Anal. Chem. 75 (2003) 4646–4658. 

https://doi.org/10.1021/ac0341261. 

[97] A.D. Keller, A.I. Nesvizhskii, E. Kolker, R. Aebersold, Empirical statistical model to 

estimate the accuracy of protein identifications made by MS/MS and database search, 

Proc. 50th ASMS Conf. Mass Spectrom. Allied Top. 74 (2002) 37–38. 

[98] H. Choi, D. Fermin, A.I. Nesvizhskii, Significance analysis of spectral count data in 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


33 
 

label-free shotgun proteomics, Mol. Cell. Proteomics. 7 (2008) 2373–2385. 

https://doi.org/10.1074/mcp.M800203-MCP200. 

[99] J. Goedhart, M.S. Luijsterburg, VolcaNoseR is a web app for creating, exploring, 

labeling and sharing volcano plots, Sci. Rep. 10 (2020) 1–5. 

https://doi.org/10.1038/s41598-020-76603-3. 

[100] Y. Perez-Riverol, A. Csordas, J. Bai, M. Bernal-Llinares, S. Hewapathirana, D.J. 

Kundu, A. Inuganti, J. Griss, G. Mayer, M. Eisenacher, E. Pérez, J. Uszkoreit, J. 

Pfeuffer, T. Sachsenberg, Ş. Yilmaz, S. Tiwary, J. Cox, E. Audain, M. Walzer, A.F. 

Jarnuczak, T. Ternent, A. Brazma, J.A. Vizcaíno, The PRIDE database and related 

tools and resources in 2019: Improving support for quantification data, Nucleic Acids 

Res. 47 (2019) D442–D450. https://doi.org/10.1093/nar/gky1106. 

[101] D.W. Huang, B.T. Sherman, R.A. Lempicki, Systematic and integrative analysis of 

large gene lists using DAVID bioinformatics resources, Nat. Protoc. 4 (2009) 44–57. 

https://doi.org/10.1038/nprot.2008.211. 

[102] C.A. Schneider, W.S. Rasband, K.W. Eliceiri, NIH Image to ImageJ: 25 years of 

image analysis, Nat. Methods. 9 (2012) 671–675. https://doi.org/10.1038/nmeth.2089. 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

HPDE Hemidesmosome 
Components Identified by 
Mass Spectrometry 

Transmembrane proteins 

Integrin β4 (ITGB4)

Integrin α6 (ITGA6)

CD151 

Collagen XVII (BP180 / COL17A1) 

Cytoplasmic proteins 

Dsytonin (BP230 / DST) 

Plectin (PLEC)

Keratin 5 (KRT5)

keratin 14 (KRT14)

Extracellular matrix proteins 

Laminin α3 (LAMA3)

Laminin β3 (LAMB3)

Laminin γ2 (LAMC2)

Collagen VII (COL7A1)
 

BA Input Raf1 bound

co
nt

ro
l

co
nt

ro
l

KRas
 G

12
V

KRas
 G

12
V

Tubulin

Ras

50

M
ar

ke
r (

kD
a)

37

25

20

C

Integrin β4250

150

DTBP + +--

Collagen XVII

Paxillin

75

co
nt

ro
l

KRas
 G

12
V

M
ar

ke
r (

kD
a)

KRas
 G

12
V

co
nt

ro
l

D E

Humphries et al Figure 1

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 19, 2021. ; https://doi.org/10.1101/2021.08.19.456969doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456969
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 
 

Figure 1: HPDE cells form α6β4-based adhesion complexes containing 

hemidesmosome components. (A) Ras activity was determined in wild-type (control) and 

mutant KRas expressing (KRas G12V) HPDE cells using the GST-Raf1-RBD effector 

pulldown assay. Active Ras was detected in the Raf1 bound fraction and tubulin was used to 

demonstrate specificity. (B) IACs were isolated from control and KRas G12V-expressing 

HPDE cells after 7 days in culture and subjected to MS analysis. Hemidesmosome 

components identified from HPDE IAC isolations by MS are listed. (C) Western blotting 

confirmed the identification of integrin β4 and collagen XVII, but not paxillin, from HPDE IAC 

isolations. The use of the crosslinking reagent (DTBP) is indicated above. (D) and (E) MS-

based abundance ratios (KRasG12V/control) and qValues calculated by Progenesis QI (as 

described in Methods) for proteins detected in HPDE IAC isolations and displayed as 

volcano plots (Supp. Table 1). Panel (D) displays proteins with significantly altered 

abundance profiles (red = increased in KRas G12V and blue = decreased in KRas G12V 

IACs). Panel (E) displays selected hemidesmosomal proteins, demonstrating that they do 

not significantly change between KRas G12V and control HPDE IACs. For western blots, the 

sizes of molecular weight markers are indicated to the left of images. 
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Figure 2: HPDE cells produce a laminin-based extracellular matrix. (A) CDMs and 

secreted proteins were isolated from control and KRas G12V-expressing HPDE cells after 7 

days in culture and subjected to MS analysis. Numbers of proteins assigned to matrisome 

component categories are listed (see Supp. Tables 2 and 3). (B), (C), (D) and (E) MS-based 

abundance ratios (KRasG12V/control) and FDRs calculated by QSpec (as described in 

Methods) for proteins detected in HPDE CDM and secreted protein samples are displayed 

as volcano plots (Supp. Tables 2 and 3). Panels (B) and (C) display proteins with 

significantly altered abundance profiles (red = increased in KRas G12V and blue = 

decreased in KRas G12V) for CDMs and secreted proteins as indicated. Panels (D) and (E) 

displays selected basement membrane hemidesmosomal proteins, demonstrating that they 

do not significantly change between KRas G12V and control HPDE IACs. 
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Figure 3: HPDE cells form characteristic hemidesmosome-type adhesion structures. 

(A) and (B) HPDE cells were cultured for up to 7 days on glass coverslips and 

immunofluorescence imaging performed. (A) Control and KRas G12V-expressing HPDE 

cells stained for integrin β4 displayed the same characteristic leopard skin pattern whilst E-

cadherin stained cell-cell junctions. (B) Control HPDE cells were stained using antibodies 

directed against integrin β4, E-cadherin, collagen VII, dystonin (BP230) and collagen XVII 

(BP180).  
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Figure 4: HPDE cells form hemidesmosomes in 2D culture. (A) Wild-type (control) and 

(B) mutant KRas-expressing (KRas G12V) HPDE cells were cultured on Aclar for up to 7 

days. Transverse sections of the HPDE-ECM interface were prepared, imaged by TEM and 

a range of magnifications shown. Cells formed flattened basal surface with a thin layer of 

ECM ($) proximal to the area where the Aclar film (@) would have occupied. Arrowheads 

(▲) indicate the approximate position of some hemidesmosomes (indicated from the 

extracellular side) which are located at the plasma membrane (*) and link to cytoplasmic 

cytokeratin filaments (#). Images are orientated with the cell-ECM interface towards the 

bottom. 
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Figure 5: HPDE cells form hemidesmosomes in 3D culture. (A) Wild-type (control) and 

mutant KRas-expressing (KRas G12V) HPDE cells were grown in 3D culture (alginate / 

Matrigel) for 60 hours and immunofluorescence imaging performed. Control and KRas 

G12V-expressing HPDE cells stained for integrin β4 or collagen XVII. Scale bars represent 

10 µm. (B) TEM was performed for wild-type (control) and mutant KRas-expressing (KRas 

G12V) HPDE cells after 60 hours in 3D culture (alginate / Matrigel). Arrowheads (▲) indicate 

the approximate position of some hemidesmosomes (indicated from the extracellular side) 

which are located at the plasma membrane (*), and often positioned proximal to a layer of 

basement membrane. The general position of the alginate / Matrigel ECM ($) along with 

cytoplasmic cytokeratin filaments (#). 
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Figure 6: PDAC organoids and human pancreas form hemidesmosomes. (A) and (B) 

TEM was performed for mouse (KPC) and human patient-derived PDAC organoids as 

indicated. (A) Key features of cell polarity were observed such as luminal microvilli, tight 

junctions and adherens junctions. The position of the lumen is denoted (L) along with the 

approximate positions of cell-cell junctions (▲▲) and the basal cell surface in proximity to 

the ECM ($). (C) Single arrowheads (▲) indicate the approximate position of some 

hemidesmosomes (indicated from the extracellular side) which are located at the plasma 

membrane (*), and often positioned proximal to a layer of basement membrane. (C) TEM 

was performed for normal human pancreas. The left-hand panel shows a lower 

magnification overview of a pancreatic ductal structure with lumen (L) and two cell nuclei (N). 

Ductal structures are surrounded by a basement membrane ($). The right-hand panel 

illustrates hemidesmosomes (▲) positioned at the basal surface of ductal cells in close 

proximity to a prominent basement membrane ($). 
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Figure 7: The human PDAC cell line SUIT-2 expresses integrin β4 and forms 

hemidesmosomes in 2D culture. (A) The expression of integrin β4 was assessed in SUIT-

2, Panc1, MiaPaCa2 and KP4 PDAC cells by western blotting. Tubulin was used as a 

loading control. (B) SUIT2 cells were cultured for 7 days on glass coverslips and 

immunofluorescence imaging performed cells as indicated. (C) SUIT-2 cells were cultured 

on Aclar for up to 7 days. Transverse sections of the SUIT-2 -ECM interface were prepared 

and imaged by TEM. The right-hand image shows a higher magnification of the same area. 

Cells formed a flattened basal surface with a thin layer of ECM ($) proximal to the area 

where the Aclar film (@) would have occupied. Arrowheads (▲) indicate the approximate 

position of some hemidesmosomes (indicated from the extracellular side) which are located 

at the plasma membrane (*) and link to cytoplasmic cytokeratin filaments (#). Images are 

orientated with the cell-ECM interface towards the bottom left. 
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Figure 8: Depletion of integrin β4 reduces HDPE and SUIT-2 cell proliferation. (A) and 

(B) SUIT-2 cell proliferation was assessed over 5 days in culture after siRNA mediated 

depletion of integrin β4 (β4siRNA) compared to control siRNA (consiRNA). (C) EdU 

incorporation in SUIT-2 cells was assessed following siRNA-mediated depletion of integrin 

β4 and the percentage of cells in S phase calculated from three to six days after knockdown. 

(D) Cell cycle analysis by was performed using flow cytometry in SUIT-2 cells following 

siRNA mediated depletion of integrin β4. The proportion of cells in G1/G0, S and G2/M were 

calculated. 
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Figure S1: HPDE cells express the integrin α6β4 laminin-binding integrin subunits. 

Flow cytometry of integrin subunits 

(A) Immunoprecipitation was performed from wild-type (control) and mutant KRas-

expressing (KRas G12V) HPDE lyates using anti-integrin α6, β1 and β4 antibodies, along 

with control rat (RIgG) and mouse (MIgG) polyclonal antibodies. SDS-PAGE and western 

blotting using anti integrin α6, β1 and β4 antibodies (under reducing conditions) confirmed 

the preferential association of α6 with the β4 subunit compared to β1. The sizes of molecular 

weight markers are indicated to the left of images. 

Figure S2: Desmosomes are observed in HPDE cells, human PDAC organoids and 

human pancreas. (A) Wild-type (control) and mutant KRas-expressing (KRas G12V) HPDE 

cells were cultured on Aclar for up to 7 days. Transverse sections of the HPDE-ECM 

interface were prepared and imaged by TEM. Cells formed flattened basal surface proximal 

to the area where the Aclar film (@) would have occupied. Double arrowheads (▲▲) 

indicate the approximate position of some desmosomes. (B) TEM was performed for wild-

type (control) and mutant KRas-expressing (KRas G12V) HPDE cells after 60 hours in 3D 

culture (alginate / Matrigel). Double arrowheads (▲▲) indicate the approximate position of 

desmosomes. (C) TEM was performed for human patient-derived PDAC organoids. Double 

arrowheads (▲▲) indicate the approximate position of some desmosomes. (D) TEM was 

performed for normal human pancreas. Double arrowheads (▲▲) indicate the approximate 

position of some desmosomes. 

Figure S3: Integrin expression in human PDAC cancer cell lines as determined by flow 

cytometry. Flow cytometry of integrin subunits in SUIT-2, Panc1, MiaPaCa2 and KP4 cells. 

Values indicate integrin expression as median fluorescence intensities (+++ = 103-104; ++ = 

103; + = 102-103; – = 102) with percent of cells expressing higher than MuIgG control in 

parenthesis. Values are indicative of two independent experiments. 

Figure S4: siRNA-mediated knockdown of integrin β4 in SUIT-2 cells. SUIT-2 cells were 

subjected to siRNA-mediated knockdown of integrin β4. Western blotting demonstrated 

reduced expression of integrin β4 siRNA compared to control siRNA (con). Tubulin was 

used as a loading control. Data from three independent repeats are shown and quantified. 
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Integrin expression in human PDAC cancer cell lines detected by flow cytometry  
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