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ABSTRACT  

Epithelial to Mesenchymal Transition (EMT) is a fundamental cell differentiation/de-

differentiation process which is associated with dramatic morphological changes. Formerly 

polarised and immobile epithelial cells which form cell junctions and cobblestone-like cell sheets 

undergo a transition into highly motile, elongated, mesenchymal cells lacking cell-to-cell 

adhesions.  To explore how the proteome is affected during EMT we profiled protein expression 

and tracked cell biological markers in Madin-Darby kidney epithelial cells undergoing 

hepatocyte growth factor (HGF) induced EMT. We were able to identify and quantify over 4000 

proteins by mass spectrometry. Enrichment analysis of this revealed that expression of proteins 

associated with the ubiquitination machinery was induced, whereas expression of proteins 

regulating apoptotic pathways was suppressed. We show that both the mammalian Hippo/MST2 

and the ISG15 pathways are regulated at the protein level by ubiquitin ligases.  Inhibition of the 

Hippo pathway by overexpression of either ITCH or A-Raf promotes HGF-induced EMT.  

Conversely, ISG15 over-expression is sufficient to induce cell scattering and an elongated 

morphology without external stimuli. Thus, we demonstrate for the first time that the 

Hippo/MST2 and ISG15 pathways are regulated during growth-factor induced EMT. 
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INTRODUCTION 

Epithelial to Mesenchymal Transition (EMT) is a process that transforms polarised epithelial 

cells with tight cell to cell junctions into detached, motile fibroblast-like mesenchymal cells (1). 

EMT is an essential and tightly controlled developmental process that plays a fundamental role 

during embryogenesis, wound healing and tissue repair (2). Pathological EMT has been 

implicated in organ fibrosis (3) and in tumour development (4, 5). During cancer progression 

cancerous epithelial cells are thought to undergo EMT and acquire stem cell-like properties, 

allowing individual cells to bud off the tumour mass, invade the surrounding tissue, intravasate 

into lymph and blood vessels and finally metastasise by forming distant, secondary tumours (6). 

EMT can be triggered by a plethora of growth-factors, prominently TGFβ, HGF, EGF, Wnt and 

Hedgehog which have been shown to initiate and promote EMT in cancer, organ fibrosis and 

embryonic development (7). As diverse as the extra-cellular input can be, the downstream 

pathways which drive the transition are remarkably conserved across developmental and 

pathological EMT. Signalling networks are thought to converge on a few transcription factors 

chiefly Snail, Slug, Twist1, Twist2, Zeb1 and Zeb2/Sip1 (8). These transcription factors 

orchestrate the down-regulation of the epithelial junction proteins E-cadherin, occludins, 

claudins and connexins, and the up-regulation of the mesenchymal proteins N-cadherin, 

vimentin, α-smooth muscle actin, fibronectin, specific myosin isoforms and MMP. The 

transcriptional suppressor Snail has been reported to be the master switch as it potently 

suppresses the expression if the epithelial junction protein E-cadherin, with its, alone being 

sufficient to induce EMT in many systems (9). More recently, it has emerged that the 

transcriptional programme is not the whole picture. For example, alternative splicing and 

ubiquitin-mediated degradation of the small GTPases Rac and RhoA are induced during EMT. 
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RhoA is ubiquitinated by Smurf, an E3-ligase, and subsequently degraded through the 

proteasome (10). On the other hand, EMT-induced MMP expression triggers the expression of 

an alternatively spliced Rac1 (11). The induced protein, Rac1b, fails to bind to its regulatory 

inhibitor, RhoGDI and is therefore intrinsically over-active. Correspondingly, the shift in the 

balance of these two key cell motility drivers induces the migratory phenotype archetypal for 

mesenchymal cells.  

Thanks to the widespread availability of sequencing and RNA-arrays additional layers of EMT 

regulation by microRNAs and alternative splicing events are starting to be revealed (12, 13). 

Although powerful, these approaches are only a surrogate to what happens at the protein level as 

they cannot capture changes to protein stability and the subsequent regulation of expression 

levels at the systems-level. Advances in mass spectrometry hardware and analysis software have 

made protein expression quantification, down to the level of weakly expressed signalling 

proteins, technically feasible (14). Therefore, in order to close this gap we profiled how protein 

expression is affected over the course of growth-factor induced. This body of work reveals novel 

facets of EMT, which have not been captured by or have been overlooked in previous RNA-

based approaches.  

EXPERIMENTAL SECTION 

Cell culture: MDCK cells were seeded onto a 6-well plate at a density of 1 x 105 cells per well 

and incubated overnight. Cells were stimulated with 20 ng/mL of HGF in 5% DMEM over a 

time-course of 0, 1, 2, 4, 8, 24 hours, and lysed in 1% SDS Tris Saline buffer, sonicated and 

clarified by centrifugation. 
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NuPAGE and Western Blotting: Cell lysates were boiled in LDS-Sample buffer containing 

100mM DTT, separated on a 4-12% gradient NuPage-gel (Invitrogen) and blotted on PVDF 

membranes (Whatman) according to the manufacturer’s recommendations. The following 

primary antibodies were used α-tubulin, A-Raf, LATS1, RASSF1, Vimentin (Santa Cruz), E-

cadherin, ITCH (BD Biosciences), SLUG, SNAIL (NEB), GAPDH (Millipore), HERC6 

(abcam); secondary antibodies were from Cell Signaling. 

MDCK Cell Scatter Assay: MDCK cells (Clone 3B5) were seeded out at a density of 3 x 103 per 

6-well dish in 10% DMEM and incubated for 48 hours. When approximately 8-12 cells per 

colony were visible, the 10% serum DMEM was removed from the cells and replaced with 

DMEM containing 5% serum and 20 ng/mL HGF. Cells were incubated over a time-course of 

24, 8, 4, 2, 1 and 0 hours in triplicate, before being fixed with 4% (v/v) PFA in PBS.  After 

fixation cells were permeabilised with 0.1% Triton X-100 in PBS at room temperature for 5 

minutes. Cell nuclei and F-actin were stained by adding DAPI and Alexa Fluor® Green 

Phalloidin stain according to the manufacturer’s recommendation. The cells were washed and 

covered with PBS before High Content Screening (HCS). Images were acquired with Olympus 

Scan^R Automated Image Acquisition Software on a Scan^R IX81 microscope (Olympus) with 

a UPLSAPO 10x/0.40 NA objective (Olympus) and 1344 x 1024 resolution cooled CCD camera.  

Standard excitation and emission filter sets were used. A total of 81 sub-positions per well were 

acquired. 

Image Analysis: Acquired images were analysed using CellProfiler (Broad Institute) and 

Columbus (Perkin Elmer) cell analysis software to determine cell spreading and changes in 

nuclear and cell size and morphology.  A Cell Profiler pipeline was set up to identify primary 

objects, nuclei, using a typical diameter between 15 and 40 pixels, Otsu Global two-class 
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thresholding and clumped objects distinguished by intensity. Distances between the nuclei 

centroids and the centroid of the first and second nearest neighbouring nucleus were measured in 

pixels. A minimum of 800 cells were analysed per replicate.  Means per well were calculated and 

standard deviations determined using means of three replicates. Images were further analysed by 

the Columbus analysis software. Nuclei and cytoplasm was segmented using the DAPI and 

FITC/Alexa Fluor 488 channels respectively. Border cells were discarded from the subsequent 

analysis protocol. The size, roundness and intensities of nuclei were measured. The cell and 

cytoplasm size and roundness were also determined. 

Immunofluorescence: MDCK cells were seeded, treated, fixed and permeabilised as described 

above. The cells were incubated overnight in a 1:200 dilution of E-cadherin antibody in TBS-T. 

Cells were washed twice and incubated with an Alexa488-labelled anti-rabbit antibody 

(Invitrogen) for 1hour. Cells were imaged either on a Zeiss epi-fluorescent or Zeiss confocal 

laser scanning microscope (LSM 510 META). Images were acquired following excitation with 

364 and 488 nm lasers followed by 385-470 and 505-530 nm BP (Band Pass) filters for DAPI 

and Alexa488 respectively with a Plan-Neoflur 20x/0.5 NA objective. 

Oris Cell Migration Assays: 20,000 cells were plated in the cell migration system (Oris cell 

migration assembly kit, Platypus Technologies) according to the manufacturer’s instructions 

until they reached confluency after 24 hours. The medium was then exchanged with DMEM 

containing 5% FCS and HGF (20ng/ml) before the stoppers were removed and cells were 

incubated to permit migration for 24 hours. As control, stoppers remained in place in the pre-

migration reference wells until the time of the assay readout. Cells were stained with calcein AM 

(4 μM) for 30 minutes before measuring cell migration using fluorescence microscopy and the 



 7

ImageJ software. Comparison of migration was assessed using Student’s t-test. P-values of less 

than 0.05 were considered significant. 

Cell Adhesion Assay: 24-well dishes were coated with rat-tail collagen I, bovine fibronectin or 

vitronectin overnight at 4°C. Plates were blocked with 0.5% BSA in DMEM for 30 min. MDCK 

cells either treated with HGF for 24 hours, or left untreated, were trypsinised.  After addition of 

0.2% Soybean Trypsin Inhibitor cells were diluted in 0.5% BSA in DMEM, and 10,000 cells per 

well were seeded into a 24-well plate and allowed to adhere. After 30 minutes the plates were 

washed with PBS and shaken for 30 seconds at 400 rpm in order to wash-off loose cells. Cell 

were fixed with 4% PFA for 10 min, washed with PBS and stained with Crystal Violet (5mg/ml 

in 2% Ethanol/Water) for 10 minutes. Plates were washed with water, and the stain was 

dissolved with 100µl of 2% SDS. 50µl of the eluted stain solution was pipetted into a 96-well 

plate and absorbance was read at 550nm. Absorbance values were normalised by subtracting a 

control (unspecific binding to plastic). 

Luciferase Reporter Assay: MDCK cells were seeded into 24-well dishes and transfected with a 

YAP/TAZ luciferase reporter (15). 24 hours post transfection the cells were stimulated with HGF 

as indicated, co-incubated with either DMSO or 10 μM PP2 (Tocris), a specific Src-family 

kinase inhibitor. After stimulation the cells were washed with PBS, and lysed on the plates with 

80 μl of Luciferase Assay Buffer (Promega) including one freeze-thaw cycle. 20 μl of the lysate 

were pipetted into a white-rimmed 96-well plate, mixed with 100 μl of Luciferase Substrate 

Buffer (Promega). Luciferase was measured on a SynergyHT BioTek micro-plate reader and 

normalised by protein content.  
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Stable Isotope Labelling with Amino Acids in Cell Culture (SILAC): MDCK cells were cultured 

for at least seven days in light, medium and heavy SILAC media (Dundee Cell products) 

composed of DMEM media supplemented with 10% (v/v) FBS dialysed in-house. 2 x 104 cells 

were seeded in 60 mm tissue culture dishes and stimulated 24 hours post-seeding with 20 ng/mL 

HGF.  The cells were lysed in 100 µL of 1% SDS-buffer, sonicated and cleared by 

centrifugation. The protein concentration was determined by a BCA-assay (Pierce). Heavy, 

medium and light SILAC lysates were mixed 1:1:1 and in-solution digested with trypsin using 

the FASP-protocol(16). Yield was determined by 280nm absorbance on a Nanodrop 

spectrophotometer. 60 µg of peptides were fractionated using strong-anion exchange 

chromatography as described(16). 

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS): The tryptic peptide samples 

were separated on a Nanoflow Ultimate 3000 LC (Thermo) coupled online to a Q-Exactive mass 

spectrometer (Thermo). The self-packed HPLC C18-reversed phase column used was 10cm 

long, 75 µm inner diameter, packed with a ReproSIL AQ C18 1.8µm resin. The complex peptide 

mixtures were loaded at 600nL/min onto the column. The peptides were eluted at a constant flow 

rate of 250nL/min over a period of 40 or 120 min with a multi-segment linear gradient of 2-35% 

buffer B (98% Acetonitrile and 0.1% formic acid) in positive ion mode.  A data-dependent 

automatic “top 12” method was employed with a survey scan (MS) in the mass range of a mass-

to-charge ratio (m/z) of 350-1600 which  selected the twelve most intense ions for collision 

induced fragmentation and acquisition of tandem mass spectra.  An ion selection limit of 8300 

was applied for the counts and selected ions were dynamically excluded for the next 40 seconds. 

The selection limit was chosen as it delivered most peptide identifications in a pilot experiment 

(Data not shown). The raw mass spectrometric data files from LC-MS/MS were analysed using 
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MaxQuant (Version 1.2) (17). Trypsin was selected as enzyme, first search and fragmentation 

spectra were searched with 20 ppm mass accuracy, recalibrated in silico and subsequently 

searched with the parent ion mass accuracy reduced to 6 ppm (18). Fixed modifications were 

carbamylation of cysteines, variable modifications were methionine oxidation and protein N-

terminal acetylation. We allowed for two missed cleavages. The data were searched against a 

canine (CANFA) database (Version 0612, 25542 entries), a reversed canine (CANFA) database 

and a contaminant data base (152 entries). A false discovery rate (FDR) of 0.01 at the peptide 

and protein level. FDR was estimated by searching a reversed and forward database(19).  

Data Analysis: Protein expression ratios were calculated by MaxQuant as published (20). Ratios 

were inverted in order to have the Medium label as the denominator and the Low and High labels 

as the numerator. Average ratios, standard deviation, standard error were derived from the 

protein ratios calculated by MaxQuant across three biological replicates. If we were able to 

quantify the protein ratio only in one replicate this value was chosen.  Pair-wise comparisons and 

p-value calculation between untreated and individual timepoints post-HGF were done by 

Student’s t-Test.  P-values of less than 0.05 were deemed to be significant. 

Enrichment Analysis: DAVID (Database for Annotation, Visualization and Integrated 

Discovery) Bioinformatics Resources 6.7 was utilised for Gene Ontology analysis (21). On the 

DAVID homepage: http://david.abcc.ncifcrf.gov/, the Functional Annotation tool was selected. 

Gene lists were uploaded and matched to human gene-names. Enrichment analysis and 

functional clustering of GOTERM_BP_FAT terms were done against a human database as 

background. A “high stringency” classification cut-off, corresponding to a kappa value of 0.85, 

was selected. Enrichment analysis with 10 gene-lists extracted at random from our quantified 

dataset consistently sported lower enrichment scores (data not shown). 
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ISG15 Cloning:  Total cellular RNA was isolated from MDCK cells by RNeasy minikit 

(Qiagen). 1 μg of total RNA was reverse transcribed by using Oligo dT Primers (Invitrogen) 

using Quantitect reverse transcription Kit (Qiagen). Canine ISGF15 with stop codon (525bp) was 

amplified by real-time PCR using the following primers: 5’-ATGCTGGAGCCTACAGCCAT-3’ 

and 3’-TCAGCACTGCCCTCCTGGT-5’. Platinum Taq DNA Polymerase High Fidelity 

(Invitrogen) was used. The Taq-amplified PCR product was gel-purified using QIAquick PCR 

purification kit (Qiagen) and cloned into the pCR™8/GW/TOPOR entry vector following the 

manufacturer’s guidelines. Plasmids were sequenced to confirm the presence and orientation of 

the insert by using the GW1 and GW2 primers included in the kit. Once characterized, one clone 

was transferred into a puromycin –resistant derivative of TAPE5-N destination vector (22) using 

LR Gateway® Technology. 

RESULTS AND DISCUSSION 

Quantitative proteome and cell biological analysis of growth-factor induced EMT 

HGF has been reported to potently induce EMT in MDCK cells within a matter of hours(23). 

After 24h the majority of the cells in the population have completed EMT. Although of canine 

origin, the speed and consistency of the HGF-induced transition makes MDCK cells an attractive 

and reliable model system for studying EMT. This transition can be tracked by monitoring cell 

scattering of sparsely seeded cell colonies. Although widely used, this approach has two major 

disadvantages. Firstly, monitoring of colony scattering can be laborious and subjective as this is 

done by visually inspecting the state of individual colonies. Secondly, scattering captures only 

one of the aspects of EMT, namely the induction of cell migration and the dissolution of cell 

junctions. Other salient parameters such as changes to the morphology and cell spreading are not 
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assayed. In order to address these shortcomings we decided to implement an unbiased, 

automated approach which would allow us to exactly quantify cell migration, cell spreading and 

changes in cellular morphology at the single cell level. Enhanced cell migration or scattering can 

be measured by assaying the distance between neighbouring nuclei; cell spreading can be 

monitored by measuring the size of the cytoplasm of individual cells; and finally, changes in cell 

morphology can be interpreted from changes in the roundness of individual cells. In order to 

monitor these three values accurately, individual cells had to be segmented, including 

identification of the nuclear and cytoplasm areas.  To accomplish this, we stained fixed cells with 

a combination of DAPI, which stains the nucleus, and Alexa488-tagged phalloidin which stains 

the actin cytoskeleton (Fig 1 A). Cells were imaged using an automated screening microscope 

and analysed using an image analysis software suite (Columbus) as described in the Methods 

section. As readouts we chose the size of the cytoplasm, the roundness of the cells and the first 

and second nearest neighbour inter-nuclear distance. We assayed how these readouts change in 

MDCK cells over a 24 hour long time-course of HGF stimulation in three replicates (Fig 1 B). 

As expected, HGF stimulation increased the inter-nuclear distance indicating enhanced 

scattering, and the cytoplasmic spread. Conversely, cell roundness decreased consistent with 

cytoskeletal changes occurring during EMT.  The assay was found to be robust, and we decided 

to use it for validating potential regulators of EMT which we planned to identify using proteomic 

profiling.  

We observed that the cells started spreading within one hour of HGF treatment and that after 24 

hours a significant proportion of the cell population had lost cell-to-cell adhesions and had 

adopted an elongated, mesenchymal phenotype (Fig  1 A&B, Fig S1). Thus, using mass 

spectrometry (MS)-based quantitative proteomics we profiled protein expression over 24 hours, 
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starting at 1 hour post-treatment. Metabolic, isotopic labelling, such as SILAC, is an established 

method for quantifying changes of protein expression in cell culture derived samples. SILAC 

allows to the identification of subtle changes of less than 20% in expression level (24). 

Therefore, we used a triple-SILAC approach to profile time-dependent HGF-induced expression 

changes. Samples were mixed immediately post-lysis, limiting experimental variability. Each of 

our SILAC-sets included an untreated standard condition, allowing us to compare time-points of 

individual experiments. Additionally, we permuted light and heavy labelled samples in three 

biological replicates to limit systemic labelling-dependent errors (Figs 1C&D). MDCK cells 

were lysed in an SDS-buffer and sonicated to ensure full lysis and solubilisation of membrane 

and DNA-binding proteins. The samples were processed and digested with trypsin using the 

FASP protocol(16). In order to enhance the proteome coverage, tryptic peptides were further 

fractionated on strong anion exchange (SAX) columns and then analysed by LC-MS/MS.   

This approach allowed us to identify over 4400 proteins with over 40000 peptides of which 4100 

were quantified at least at two time-points (Table S1).  Of these, 626 proteins were increased or 

decreased in abundance of at least 1.5 fold with a p-value of <0.05 in at least one time-point (Fig 

2A and Table S2). As expected, the number of significant changes increased over the time-

course, with 124 proteins changing after 1 hour and over 400 regulated at the 24 hour time-point 

(Fig 2B). 

HGF alters cell adhesion by regulating integrins and cadherins    

Gene-ontology enrichment analysis for all 626 regulated proteins showed enrichment of proteins 

functioning in cell cycle, adhesion, apoptosis and metabolic regulators (Table S3). In agreement 

with previous studies we observed a switch in the abundance of integrins (25) (Fig 2C).  



 13

Integrins α2, 3 and β1, 4 (ITGA2,3 ITGB1,4) were rapidly induced, reaching their maximum 

expression within one hour. In addition, the stem-cell and invasive tumour marker, integrin α6 

(ITGA6)(26), was strongly induced throughout the HGF treatment, peaking at 24 hours. 

Conversely, the expression of integrins αv and β3 (ITGAV, ITGB3) was only slightly reduced 24 

hours post-treatment. Taken together, this suggests that HGF does not induce the expression of 

vitronectin and fibronectin receptors (αvβ3) and consequently should not affect or even reduce 

cell adhesion to either ligand. On the other hand, integrins able to bind collagen and laminin 

(α2β1, α6β4, α3β1, α3β4 and α6β1) increased, which should facilitate adhesion to either. To 

experimentally verify these predictions we performed in vitro cell adhesion assays. MDCK cells, 

which were stimulated with HGF for 24 hours or left untreated, were seeded into collagen, 

fibronectin or vitronectin coated dishes. Cell-to-matrix adhesion was interrupted after 30 minutes 

by washing, and the cells remaining adherent were fixed, stained and counted colourimetrically. 

MDCK cells adhered stronger to collagen in comparison to fibronectin and vitronectin. The 

adherence to collagen was further and significantly increased when cells had been treated with 

HGF (Fig 2D).  Conversely, fibronectin and vitronectin binding was slightly reduced after HGF 

treatment, in line with the expectations we derived from expression profiling.  Similarly to what 

we observed in the integrin family, we detected an isoform specific regulation of cadherins (Fig 

2E). Unexpectedly, the epithelial marker E-cadherin (CDH1) did not decrease significantly even 

after 24 hours of HGF stimulation (Fig S1A). This finding is counterintuitive, as the silencing of 

E-cadherin, in concurrence with the loss of cell junctions, is seen as a marker of mesenchymal 

transition(27). On the other hand, another classical marker of mesenchymal cells, vimentin, 

increases over the time-course and reaches a plateau 8 hours post-treatment (Fig S1A), 

suggesting that MDCK cells undergo EMT.  Cellular E-Cadherin is in a persistent state of flux, 
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being internalised through endocytosis, degraded in lysosomes or shuttled back to the membrane 

through the trans-Golgi network (28). It is therefore plausible that E-cadherin may be removed 

from cell junctions and re-localise to a different cellular compartment, resulting in loss of 

membrane-bound E-cadherin without altering the total cellular abundance.  Thus, we visualised 

E-cadherin in cells at various timepoints of HGF treatment by immunofluorescence. In untreated 

cells, E-cadherin localised specifically at cellular junctions. Within one hour of HGF treatment 

cells that had started to spread and were losing cell-to-cell adhesions, showed a remarkable shift 

of membrane-bound to perinuclear E-cadherin (Suppl. Fig S1B). Fully mesenchymal cells 

seemed to have internalised most of the cellular pool of E-cadherin to the perinuclear 

compartment (Fig 2F).  This observation supports the hypothesis that the suppression of E-

cadherin expression is not a prerequisite for EMT, but rather a shift away from the cell junctions 

appears to be sufficient. Indeed it has been recently reported that cancers expressing perinuclear 

E-cadherin are particularly aggressive in terms of metastasis and invasion (29), suggesting that 

these cancers have undergone EMT. There is further in vivo evidence that loss of E-cadherin is 

not necessary for EMT in breast cancers(30). In contrast to E-cadherin, P-cadherins (CDH3), and 

LI –cadherin (CDH 17) were strongly induced. P-Cadherin, whose expression has been linked to 

invasion and poor prognosis in breast cancer (31), was rapidly and transiently induced, peaking 

at 1 hour. On the other hand LI-Cadherin was elevated in a sustained fashion, reaching its plateau 

at 4 hours. Expectedly, the classical mesenchymal marker vimentin linearly increased, peaking at 

24 hours.  In addition to expression changes of integrins and cadherins, we identified potential 

positive feedback and autocrine loops. We detected a rapid induction of Sonic Hedgehog as well 

as of cMET, the HGF receptor (Fig 2G). This is indicative of a Hedgehog autocrine loop as well 

as of a mechanism to sustain HGF-signalling by increasing overall receptor levels.   
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Dynamic protein expression changes during HGF-induced EMT  

As EMT is a highly orchestrated and dynamic process, we wanted to extract more information 

out of the time-course data in order to identify groups of proteins which were regulated in 

transient waves. For this purpose we normalised the data, and clustered the significantly 

changing proteins according to their temporal profiles (Fig 3A&B). Increasing the number of 

clusters beyond six yielded very small clusters, thus we chose to cluster the proteins into six 

individual clusters. The majority of proteins increased or decreased linearly in a time-dependent 

fashion. Cluster II and IV are examples of these. Gene-ontology enrichment analysis was 

performed on each cluster and (Table S4) revealed that proteins regulating the cell cycle, cell 

migration, integrin signalling, ubiquitination and transcription increased over 24 hours of HGF 

treatment. In contrast, metabolic enzymes, pro-apoptotic and transcriptional suppressors 

decreased over the same period. Cluster V contained proteins whose expression declined sharply 

within one hour and remained suppressed for up to 24 hours. This cluster was enriched for 

metabolic enzymes and pro-apoptotic as well as transcriptional regulators. Furthermore, three 

clusters contained proteins which were elevated only transiently. Cluster VI proteins were 

upregulated only at the earliest, one hour time-point; it was enriched for proteins involved in the 

DNA-damage response and protein transport. Cluster III also contained early responders 

encompassing proteins upregulated at 1-4 hours. In line with the previous cluster, DNA damage 

and endocytosis regulators were enriched. A further cluster of delayed, transient responders was 

grouped in Cluster I.  This cluster was again enriched for endocytic and vesicle transport 

proteins.  In summary, this analysis suggests that HGF induces a transient DNA-repair response 

as well as transiently regulates endocytosis and vesicle transport. This early and transient 

upregulation of endocytosis is interesting in light of our observation that E-cadherin is rapidly 
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internalised in response to HGF. It is conceivable that the rapid re-localisation of E-cadherin is 

driven by an increase in endocytic activity. Further, we found that a proportion of expression 

changes are detectable already after 1 hour, which is well before the 4-8 hour timeframe when 

major changes in cell biological markers become pronounced.  

The sustained up-regulation of ubiquitination pathways in concert with the decrease of pro-

apoptotic proteins in clusters II, IV and V led us to further hypothesise that pro-apoptotic 

pathways are modulated by ubiquitination-dependent degradation during HGF stimulation and 

that this regulation enhances EMT.   

HGF regulates the Hippo-pathway 

To test this hypothesis, we analysed the dataset for pro-apoptotic pathways, which were 

specifically regulated by HGF and which in turn can be inhibited by ubiquitination. Pathway 

analysis revealed that proteins, which regulate or function in the mammalian Hippo/MST2 

pathway, were enriched in the induced/suppressed dataset (Fig 4A). The core pathway consists 

of the kinases MST1/2 which phosphorylate LATS, which in turn phosphorylates YAP1, a 

transcriptional co-regulator that mediates many of the diverse pathway outputs (32). These 

include proliferation when YAP binds to TEAD transcription factors (33-35) and apoptosis when 

YAP interacts with p73(36-38). Potent, activators of the pathway, such as PLK1 (39) and Aurora 

kinase B (40) were strongly induced. In addition to upstream activators, the expression of several 

proteins regulating the pathway at the level of MST2 and LATS1 were altered. Interestingly, we 

found that the protein levels of the ubiquitin-ligase ITCH increased almost twofold within 24 

hours (Fig 4B). ITCH has been reported to ubiquitinate the tumour suppressor LATS1 leading to 

its degradation(41, 42). In addition to this potential ubiquitin-regulated mechanism of LATS1 
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downregulation, we detected that A-Raf, a potent inhibitor of MST2(43, 44), was elevated. These 

data support the hypothesis that the upstream part of the pathway is hyperactivated only for the 

pro-apoptotic signal to be blocked at the level of the kinases MST and LATS. A similar mode of 

MST pathway regulation has recently been observed in EGF stimulated cells, where MST2 

activity was activated but its interaction with LATS blocked, resulting in the  disruption of 

apoptotic signalling (45).  Interestingly, the MST2- pathway has recently emerged as a potential 

inducer of EMT and metastasis(46). In over-expression or depletion experiments several 

members of the pathway have been shown to induce mesenchymal-like phenotypes in MCF10a 

cells(42, 47-49). Thus far, no evidence has been presented confirming that the pathway is 

endogenously regulated during growth-factor induced EMT. Our data suggest that the pathway is 

regulated upon HGF stimulation and involved in promoting EMT. Therefore, we decided to 

extend the coverage of protein quantification by Western blotting. Furthermore, to ascertain 

whether suppressing the pathway enhances EMT, we decided to perform functional assays. 

Analogous to our proteomic screen, we seeded MDCK cells and stimulated them with HGF over 

a 24 hour period. After lysis we analysed the protein expression of classical EMT markers and of 

members of the mammalian Hippo/MST2 pathway by Western blotting (Fig 5A). The 

transcription factors Snail and Slug, both of which have been established to be EMT master-

switches, were rapidly induced within one to two hours. Unexpectedly, the induction was not 

sustained beyond 8 hours of HGF treatment, suggesting that both Snail and Slug are not required 

to maintain the phenotype after the transition has been initiated. In agreement with our previous 

quantification, both A-Raf and ITCH were induced to levels which were roughly double that of 

the basal expression. ITCH induction was somewhat faster, becoming visible at 2 hours, whereas 

A-Raf levels were only elevated beyond 4 hours. ITCH has been shown to reduce LATS1 protein 
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levels and we could verify an inverse correlation between ITCH and LATS1 expression, 

confirming this inhibitory link. The proteomic data showed that the upstream activators, Aurora 

kinase B and PLK1were increased. In addition, we found by Western blotting that RASSF1, a 

potent inducer of Hippo-signalling, was induced, peaking at 4 hours.  In conclusion, we could 

confirm the observed protein level changes by alternative means and could also demonstrate that 

there is an inverse relationship between ITCH and LATS1 expression.  

The Hippo/MST2 pathway has been recently reported to be activated downstream of receptor-

tyrosine kinases (45). Therefore, we examined whether HGF may also be able to activate YAP1 

transcription downstream of the cMET receptor. In order to assay YAP1 transcriptional activity 

we transfected a luciferase reporter construct (15) transiently into MDCK cells and stimulated 

them with HGF over a time-course (Fig. 5B). We detected a rapid induction of luciferase 

activity, peaking at 2-4 hours after HGF stimulation. The luciferase activity subsequently 

declined to basal levels over 24 hours, confirming that YAP1 is activated in a transient fashion 

by HGF. There are currently no specific small molecule inhibitors of the MST/LATS pathway. 

However, as HGF activates Src (50), and Src can activate the MST pathway (51) and also 

directly phosphorylate YAP (52), we hypothesised that Src-family kinases may be key signal-

transducers downstream of cMET and upstream of YAP. We therefore tested the effects of Src 

inhibition on HGF induced YAP transcriptional activity.   The Src-family kinase inhibitor (PP2) 

completely abrogated the induction of YAP1-driven luciferase transcription (Fig. 5C). 

Interestingly, over 24 hours the levels of luciferase activity declined to 12.5% of the basal levels. 

Taken together, these data suggest that Src activity is not only necessary for HGF induction of 

YAP transcriptional activity, but also for the maintenance of basic YAP function.  

ITCH and ARaf positively contribute towards growth-factor induced EMT 
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After having confirmed that the protein abundance of several components of the MST/LATS 

pathway are regulated during HGF-induced EMT, we wanted to establish whether there was a 

causal relationship, and which aspects of EMT are influenced. Therefore, we overexpressed 

ITCH or A-Raf to levels comparable to their induction observable post-HGF stimulation. For this 

purpose we produced a cell line, which stably expressed A-Raf-eGFP at a level similar to 

endogenous A-Raf protein, thus mimicking the ca. twofold upregulation during EMT (Fig 6A). 

Similarly, ITCH levels were increased two-fold by transient transfection (Fig 7A).  In both 

situations we quantified changes in cell roundness, size of the cytoplasm and cell scattering 

induced by HGF stimulation over 24 hours using high content screening microscopy and the 

analysis methods developed in Fig. 1. A-Raf over-expression had no effect on scattering as 

neither nearest first or second neighbour distances differed significantly. In terms of cell shape 

and cell size there was a mild yet significant acceleration of the increase of the cytoplasmic 

spread and decrease of cell roundness (Fig 6B). This acceleration was only significant at the 

early time-points. By 24 hours both populations were indistinguishable from each other. 

Although A-Raf over-expression accelerated some phenotypic features of EMT in MDCK cells, 

the enhancement was only marginal and partial. Cell scattering is consistent with random, non-

directed migration. Thus, we examined whether A-Raf expression enhanced directed migration 

of HGF-treated MDCK cells. To this end we performed Oris cell migration assays, a variant of 

scratch assays, which measures cell migration directed into a wound. Cells were stimulated by 

HGF and wound closure was measured after 24 hours (Fig 6C).  Whereas random cell migration 

was not affected by A-Raf overexpression, directed migration was increased significantly (Fig. 

6D), thus confirming that A-Raf overexpression enhances cell motility induced by HGF in 

MDCK cells despite only marginally affecting EMT. 
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Similar to A-Raf, ITCH overexpression did not affect untreated cells, but had transient as well as 

sustained effects on scattering, cell spreading and cell morphology upon HGF stimulation (Fig 

7B). Overexpression of ITCH significantly accelerated the acquisition of all mesenchymal cell 

traits measured. Cell roundness was decreased and the cytoplasmic spread was significantly 

increased at the 8 hour time-point. Cell scattering on the other hand increased at the endpoint, 

resulting in significantly greater inter-nuclear distances after 24 hour HGF stimulation.  In 

summary, these results suggest that the inhibition of the pathway at the level of MST2 and 

LATS1 is insufficient to trigger EMT, but enhances EMT induced by HGF.  

ISG15 and ISGylation are induced during HGF-driven EMT 

Aside from the induction of ITCH, we detected that protein levels of the small, ubiquitin-like 

protein ISG15 were rapidly elevated (Figs 8A). We further detected that the E3-ligase HERC6, 

which has been reported to be the enzyme responsible for ISGylation of proteins(53), was 

simultaneously induced (Table S1). By contrast, the related ubiquitin-specific ligases HERC4 

and UBE2L6 were not induced at the protein level. These observations lead us to hypothesise 

that HGF may induce the ISGylation of proteins during EMT. Interestingly, elevated  ISGylation 

has been linked to cytoskeletal changes, increased cell motility (54), and has been proposed to be 

a marker for aggressive, high-grade cancers of the breast and bladder (55).  We blotted lysates of 

MDCK cells treated with HGF and detected ISG15 and adducts with an ISG15-specific antibody.  

Unconjugated, free ISG15 was detected as a faint band running just above the 15 kDa marker, 

which increased upon HGF stimulation (Fig. 8B). We further observed that ISG15-positive 

bands (at 37 kDa and 75 kDa) as well as HERC6 increased after HGF treatment (Fig. 8C), thus, 
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confirming that protein ISGylation,  ISG15 and the expression of its E3-ligase, HERC6, 

increased in response to HGF stimulation. 

 

In order to test if ISG15 positively regulates EMT, we over-expressed TAP-tagged (SF-TAP(22, 

56)) canine ISG15 in MCDK cells. Over-expression of ISG15 induced a moderate increase of 

cellular ISGylation. In addition, we were able to detect the unbound as well as the bound Flag-

tagged ISG15 in the lysates (Fig. 8D). Surprisingly, ISG15 expression was sufficient to induce 

changes to the cell morphology (Fig. 8E). The cells were more spread out, had lost cell-to-cell 

adhesion, polarity and adopted a fibroblast-like mesenchymal phenotype. Having observed that 

ISG15 over-expression was sufficient to induce scattering in MDCK cells we quantified inter-

nuclear distances, cell spread and cell shape by using high content screening microscopy in cells 

growing in 10% FCS. In confirmation of our observation we observed that the ISG15 over-

expressing population was more scattered and spread and adopted a more elongated phenotype 

(Fig. 8F). Thus, in contrast to A-Raf and ITCH, ISG15 over-expression induces changes in cell 

morphology and behaviour which are typical for EMT. On the other hand, other EMT markers, 

such as directed migration, were not significantly affected by ISG15 over-expression under basal 

conditions (Data not shown). Therefore, ISG15 over-expression on its own appears not to be 

sufficient to induce the full transition.  

CONCLUSIONS 

In the current study we set out to quantify how the proteome changes when epithelial MDCK 

cells transition into a mesenchymal phenotype. We hypothesised that those proteins, the 

expression of which drives the transition, would experience significant expression changes. 
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Although this is likely to be valid, over 600 proteins fulfilled this criterion. In order to filter this 

list and to increase the likelihood of identifying drivers, we assumed that significant expression 

changes would cluster and highlight pivotal pathways. Using complementary methodologies of 

proteomics we demonstrated that the expression of crucial inhibitors and effectors of the 

mammalian Hippo/MST2 pathway are regulated at the protein level. Several members of the 

pathway have been shown to be induced or suppressed in metastatic and aggressive cancers, for 

example YAP and TEAD are overexpressed in sarcomas(57). Conversely, LATS1 knock-out 

mice develop soft-tissue sarcoma(58), demonstrating that the deregulation of the pathway 

induces mesenchymal tumours. Subsequently, it was shown that the inhibition of upstream 

activators of the pathway and LATS itself are able to mimic YAP overexpression(47). Here, we 

demonstrate that the pathway is indeed regulated in response to EMT inducing growth-factors, 

suggesting that the MST/LATS pathway is a physiological mediator of this process. The detailed 

results appear to be more nuanced. When EMT is triggered by HGF, the MST/LATS pathway is 

inhibited at the level of MST2 and LATS, whereas the upstream activators RASSF1, PLK1, 

Aurora kinase B are induced. This is in contrast with previous findings which demonstrate that 

knock-down of some of these activators can initiate EMT(47, 48). However, our data further 

suggest that the induction of the upstream activators is nullified by the inhibition of LATS and 

MST2 by ITCH or A-Raf, respectively. This decoupling may indicate that the upstream 

activators function in other pathways in EMT, or that it is specifically the pro-apoptotic function 

of MST/LATS that is shut down during EMT. The general downregulation of proteins associated 

with apoptosis (Table S2) makes the latter interpretation plausible, although these possibilities 

are not mutually exclusive.  
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YAP itself has a dual role and can function either as a tumour suppressor or an oncoprotein 

depending on the context. When associated with p73, YAP strongly induces apoptosis(36, 59), 

whereas it can function as pro-survival and proliferation signal when in complex with TEAD(46, 

60, 61). Pro-apoptotic YAP signalling requires MST2 and LATS signalling, whereas its 

association with TEAD can proceed independent of either(15). Interestingly, the activation of 

YAP1 by HGF is transient and peaks before ITCH and A-Raf are induced. Two likely scenarios 

are possible. Either, HGF induces YAP1 transcriptional activity independent of the MST/LATS 

pathway, possibly through a Src-dependent mechanism. Alternatively, the MST/LATS pathway 

could induce rather than suppress YAP and TEAD activation. The transient nature of the 

activation would thus be directly resulting from the suppression of MST and LATS1 caused by 

the increase in A-Raf and ITCH expression. Both situations have founding in the literature. 

Activation of Yes, a Src-family kinase, has been shown to bind, phosphorylate and regulate 

YAP1 sub-cellular localisation(60, 62). Further, in mammalian systems, the MST2/Lats1 axis 

activates YAP1 transcriptional activity(59). Which one of these scenarios is valid, should be 

determined by follow-up experiments.  

Additionally, we discovered that the small ubiquitin-like protein ISG15 as a regulator of EMT. 

This finding is exciting, as ISG15 signalling has been predominately studied in the context of 

interferon signalling and not in the framework of EMT or cancer progression (63). It is now 

emerging that signalling regulated by ISG15 is much more complex and broader than initially 

thought. ISG15 is emerging as a potential novel oncoprotein. Oncogenic K-RasV12 and ISG15 

appear to be interlocked into a mutual positive feed-back loop and knock-down of ISG15 or its 

E2-ligase, UbcH8, partially reverts EMT in the highly metastatic and mesenchymal breast cancer 

cell line MDA-MB-231(64). Exogenous expression of K-RasV12 in NIH-3T3 cells enhances 
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cellular ISGylation. Conversely, knock-down of ISG15 expression reduces protein levels of 

mutant K-Ras in MDA-MB-231 cells. As MDCK cells do not express mutant Ras isoforms, it is 

unlikely that this positive feedback-loop is the driver of EMT in this cell line. Future experiments 

will have to reveal which pathways and nodes are regulated by ISGylation in MDCK cells and 

we are currently mapping the interactome in these cells. 

Quite surprisingly many of the proteins we detected as regulated by HGF have been reported to 

be pro-invasive or are markers of metastasis. Aside from the above examples, inhibition of 

αvβ3(65, 66), as well as expression of Sonic Hedgehog (67) and cMET  (68) have been shown to 

drive invasion. As MDCK cells are not tumour derived and of canine origin this suggests that 

pathways and nodes are conserved across species and the individual sub-types of EMT. Thus, we 

can confirm that MDCK cells are a useful model system, which replicates pathological and 

physiological processes with accuracy.   

SUPPORTING INFORMATION 

Supplementary Figure S1 

Supplementary Table S1; All protein and peptide information (two panels) 

Supplementary Table S2; Proteins significantly changing (p<0.05) (two panels) 

Supplementary Table S3; GO-enrichment clusters of significantly changed proteins (Table S2) 

Supplementary Table S4; GO-enrichment of clusters I-VI (6 panels) 

This material is available free of charge via the Internet at http://pubs.acs.org 

 

Author Contributions 



 25

The manuscript was written through contributions of all authors. All authors have given approval 

to the final version of the manuscript. 

ACKNOWLEDGMENT 

We would like to thank Prof. Dmitri Scholz from UCD Conway Imaging Facility as well as the 

Mass Spectrometry Facility for hosting the equipment. We also acknowledge Dr Tapesh Santra 

for normalising the expression ratios, Dr Fabio Carrozzino for sending us MDCK II cells clone 

3B5. Science Foundation Ireland (SFI) for funding under Grant No. 06/CE/B1129. The JCS lab 

is supported by a Principal Investigator (PI) award (kata) from SFI.   

ABBREVIATIONS 

DAPI: 4',6-diamidino-2-phenylindole; DMEM: Dulbecco's Modified Eagle Medium; DTT: 

Dithiothreitol; eGFP: enhanced green fluorescent protein; EGF: Epithelial Growth Factor; EMT: 

Epithelial to Mesenchymal Transition; HCS: High Content Screening; HERC: HECT domain 

and RCC1-like domain-containing protein; HGF: Hepatocyte Growth Factor; ISG15: Interferon-

induced 17 kDa protein; ITCH: E3 ubiquitin-protein ligase Itchy homolog; LATS: Large Tumour 

Suppressor; MDCK: Madin-Darby canine kidney cells; MMP: Matrix-Metalloproteinase; MST: 

Mammalian Ste20-like protein; PFA: Para-formaldehyde; RASSF1: Ras association domain-

containing protein 1; RhoGDI: Rho GDP-dissociation inhibitor; SILAC: Stable isotope labeling 

by amino acids in cell culture; TAP: Tandem-Affinity-Purification; TGFβ: Transforming growth 

factor beta; YAP: Yes-associated protein;  
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 FIGURE LEGENDS 

Figure 1.  EMT Quantification and Experimental Setup A. MDCK cells were treated with 20 

ng/ml HGF for the indicated times. Post-treatment the cells were fixed, permeabilised and 

stained with Phalloidin and DAPI. Panel of representative images out of a total of 81 acquired 

per sample on the HCS microscope with a 10x objective, Phalloidin (green) and DAPI (blue) B. 
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Images obtained from (A) were analysed by the CellProfiler and Columbus software suites to 

determine intra-nuclear distances (nearest neighbour), roundness (1 being a perfect circle) and 

cytoplasmic size.  Bar graphs represent the summary of three biological replicates. Error bars 

represent SD of the population averages C. Schematic of the proteomic workflow. SILAC-

labelled cells were lysed, mixed, digested by filter aided sample preparation (FASP) and the 

peptides were subsequently fractionated by strong anion exchange chromatography. The six 

resulting fractions were analysed by LC-MS/MS. Peptides were identified by searching the raw 

data and statistical analysis with the MaxQuant software suite. The DAVID web-resource was 

used to do enrichment analysis D. Experimental design of how SILAC labelling was permuted 

across three biological replicates. Each biological replicate (Sets A-B) consists of two triple-

SILAC subsets (1 and 2), in total the experiments contains 6 triple-SILAC experiments. The 

Medium (M) labelled sample is the 0 timepoint and is the standard to which the Light (L) and 

Heavy (H) labelled samples are compared. In order to avoid technical errors, the H- and L-

labelled HGF treated samples are permuted across the biological replicates. 

Figure 2. Results of proteomic profiling A. Clustering of proteins which significantly change 

at one time point at least (ttest p-value <0.05) as compared to untreated cells and have been 

quantified across all time points. Average protein ratios, as determined by MaxQuant, were 

log(2) transformed and clustered using the Perseus software suite.  B.  Bar graph representing the 

number of proteins which significantly change (ttest p-value <0.05) as compared to untreated at 

the specified time-points and across all times C. Average ratios across three replicates of 

Integrin-family proteins as compared to untreated cells.  Error bars represent SEM of values 

across three replicates. If absent, the protein could be only quantified in one of the replicates   D. 

Cell-matrix adhesion assay. Treated and untreated MDCK were seeded into 24-well dishes 
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coated as indicated, let to adhere for 30 minutes, fixed and stained with Crystal Violet. The dye 

was dissolved and absorption at 550nm was measured in a 96-well plate. Y-axis represents the 

normalised absorbance at 550nm, error bars are SD of three replicates p-values NS=Not 

significant *<0.05 ;***<0.001  E. Average ratios across three replicates of cadherin-family 

proteins and vimentin as compared to untreated cells. Error bars represent SEM of values across 

three replicates. If absent, the protein could be only quantified in one of the replicates    F. 

Confocal image of E-cadherin and vimentin immuno-fluorescence. MDCK cell were treated with 

HGF accordingly, fixed and stained with DAPI (blue), an anti-E-Cadherin antibody detected 

with an anti-mouse Alexa488 labelled secondary antibody (green) and an anti-vimentin antibody 

detected with an anti-rabbit Alexa594 labelled secondary antibody (red). Scale bars represent 

25μm G. Average ratios across three replicates of potential positive feedback regulators as 

compared to untreated cells. Error bars represent SEM of values across three replicates. If absent, 

the protein could be only quantified in one of the replicates    

Figure 3. Clustering of temporal expression profiles Protein expression ratios were 

normalised and proteins which significantly change at one time point at least (ttest p-value 

<0.05) when compared to untreated cells and have been quantified across all time points (see 

Fig. 2A) were clustered into 6 groups A. Profiles of six individual clusters. Red is close to the 

mean, green is distant. x-Axis represent hours of HGF treatment. y-Axis are arbitrary units from 

-1 to 1 B. Heat-map of clustered, normalised and significantly changing proteins 

Figure 4. The MST2/Hippo pathway is endogenously regulated upon HGF stimulation A. 

Pathway diagram of protein ratios (in black) 24 hours post HGF treatment vs. untreated detected 

in the proteomic screen B.  Temporal profiles of Hippo pathway proteins identified which 

change significantly at one time-point at least (p-values <0.05) ;. The graph represents average 
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protein expression ratios across three replicates as compared to untreated cells Ratios. Error bars 

are SEM  

Figure 5. Western Blot quantification of regulated Hippo/MST2 pathway proteins A. 

MDCK cells were treated as indicated, lysed, electro-blotted, detected with antibodies as 

indicated and imaged on a CCD-camera. Densitometric quantification was performed by ImageJ 

B. MDCK cells were transfected with a YAP/TAZ Luciferase reporter. The cells were 

subsequently stimulated with HGF as indicated. The cells were lysed and the expression of the 

reporter was quantified by measuring luciferase activity. The activity was corrected against 

protein concentration and normalised to the 0 h time-point. Graphs represent the average of four 

independent experiments, error bars are SEM. C. MDCK cells were transfected with a YAP/TAZ 

Luciferase reporter. The cells were subsequently incubated with the Src-family kinase inhibitor 

(PP2 10 µM) and stimulated with HGF as indicated. The cells were lysed and the expression of 

the reporter was quantified by measuring luciferase activity. The activity was corrected against 

protein concentration and normalised to the 0 h time-point. Graphs represent the average of three 

independent experiments, error bars are SEM 

Figure 6. A-Raf expression enhances cell migration A. Western blot of MDCK cells stably 

expressing eGFP or eGFP-A-Raf, blotted with anti-A-Raf B. Quantification of cell scattering, 

roundness and cytoplasmic size of MDCK cells stably expressing eGFP (dark grey) or eGFP-A-

Raf (light grey) as obtained from HCS. Bar graphs represent the summary of three biological 

replicates. Error bars represent SD of the population averages. C. MDCK cells were stably 

transfected with either A-Raf-EGFP or EGFP as control and plated in 96-well cell migration 

systems so they reached confluence within 24 hours. The stoppers were removed and cells 

incubated to permit migration for 24 hours. Representative images for both cell lines at start and 
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after 24 hours. D. Quantitation of the assay described in C. Shown as single values (black dots) 

from 20 wells and the mean (red line). 

Figure 7. ITCH expression enhances EMT A. Western blot of MDCK cells transfected with an 

empty vector or Flag-ITCH, blotted with anti-ITCH and a Tubulin loading control. B. 

Quantification of cell scattering, roundness and cytoplasmic size of MDCK cells transfected with 

an empty vector (dark grey) or Flag-ITCH (light grey) as obtained from HCS. Bar graphs 

represent the summary of three biological replicates. Error bars represent SD of the population 

averages.  

Figure 8. ISG15 pathway is activated and promotes EMT A. Temporal profiles of ISG15 and 

its ligases. B. Western Blot quantification of HERC6 and unbound ISG15 (15 kDa). MDCK cells 

were treated as indicated, lysed, electro-blotted, detected with antibodies as indicated and imaged 

on a CCD-camera. Densitometric quantification was performed by ImageJ. C. Western Blot 

quantification of HERC6 and endogenously ISGylated proteins (at 37 and 75 kDa).. MDCK cells 

were treated as indicated, lysed, electro-blotted, detected with antibodies as indicated and imaged 

on a CCD-camera. Densitometric quantification was performed by ImageJ. D. MDCK cells were 

transfected with either TAP-ISG15 or an empty vector as control and plated. The cells were 

fixed, permeabilised and stained with Phalloidin and DAPI. Panel of representative images out of 

a total of 81 acquired per sample on the HCS microscope. Phalloidin (green) and DAPI (blue) E. 

Western Blot quantification of ISG15 overexpression. MDCK cells were transfected with either 

TAP-ISG15 or an empty vector as control and lysed. ISGylated proteins and Flag-tagged 

proteins were detected after electro-blotting with anti-ISG15 (left section of composite figure) or 

anti-Flag (middle and right section of composite figure). F. Quantification of cell scattering, 

roundness and cytoplasmic size of MDCK cells transfected with an empty vector (dark grey) or 
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TAP-ISG15 (light grey) and growing in 10% FCS DMEM  as obtained from HCS. Bar graphs 

represent the summary of three biological replicates. Error bars represent SD of the population 

averages.  
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Supplementary Fig. S1. E-cadherin internalization A. MDCK cells were treated as

indicated, lysed, electro-blotted, detected with antibodies as indicated and imaged on a

CCD-camera. B. Epi-fluorescent image of E-cadherin localisation. MDCK cell were

treated with HGF accordingly, fixed and stained with DAPI (blue) or an anti-E-cadherin

antibody detected with an anti-rabbit Alexa488 labelled secondary antibody (green).
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