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Figure S1, related to Figure 1. Expressing E-cadherin-GFP in PDAC cells does not impair cell 
invasion and proliferation. 
(A) Carmine staining of the whole-mounted lactating mammary gland (inset) showing fully developed 
alveoli (white arrows). (B) Representative still images of E-cadherin-GFP cell-cell junctions in the 
mammary gland at low (left panel) and high magnification (right panel). Expression is driven via 
MMTV-Cre. E-cadherin-GFP, green; SHG signal, purple. Note elastin autofluorescence (blue arrows). 
(C) Representative H&E images of primary PDAC cells on 3D-organotypic matrices with or without 
E-cadherin-GFP expression and quantification of cell invasion (bar, 100 µm). (D) Growth of primary 
cell lines from p53-/- and p53R172H tumors demonstrating that low-level expression of E-cadherin-GFP 
has no significant effect on tumor cell proliferation. Cells were stably transfected in combinations of 
vector alone, p53R175H and/or E-cadherin-GFP. Columns, mean; bars,  ± SE. *, P <0.05; **, P < 0.01 by 
unpaired Student's t-test. 
 
  



One Phase� Two Phase�
0�

20�

40�

60�

80�

100�

One Phase� Two Phase�0�
20�
40�
60�
80�

100�E� 2D Glass� 3D CDM� Live Xenograft�
ns ns **� ***�

One Phase� Two Phase�
0�

20�
40�
60�
80�

100�
**� ***�

F� G�

0�

50�

100�

150�

0 

50�

100�

150�
B� C� D�2D Glass� 3D CDM� Live Xenograft�

0�

50�

100�

150�
Plateau model�

Gradient model�

0� 100� 200� 300�

40�

60�

80�

100�

Time [s]�

A� Plateau/Gradient model comparison�

Im
m

ob
ile

 fr
ac

tio
n 

[%
]�

Im
m

ob
ile

 fr
ac

tio
n 

[%
]�

Im
m

ob
ile

 fr
ac

tio
n 

[%
]�

Ev
id

en
ce

 ra
tio

 fo
r p

la
te

au
�

Ev
id

en
ce

 ra
tio

 fo
r p

la
te

au
�

Ev
id

en
ce

 ra
tio

 fo
r p

la
te

au
�

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 [%
]�

0�
2�
4�
6�
8�

0�
2�
4�
6�
8�

0�
2�
4�
6�
8�H� I� J�2D Glass� 3D CDM� Live Xenograft�

p53 -/- vector�
p53 -/- R175H�

p53 -/-�
vector�

p53 -/-�
R175H�

p53 -/-�
vector�

p53 -/-�
R175H�

p53 -/-�
vector�

p53 -/-�
R175H�

Im
m

ob
ile

 fr
ac

tio
n�

�

Im
m

ob
ile

 fr
ac

tio
n�

�

Im
m

ob
ile

 fr
ac

tio
n�

�

p53 -/-�
vector�

p53 -/-�
R175H�

p53 -/-�
vector�

p53 -/-�
R175H�

p53 -/-�
vector�

p53 -/-�
R175H�

�

�

�



	
  

Figure S2, related to Figures 2,3. Validation of FRAP quantification.  
 (A) Cartoon of approach used to determine the relative likelihood that a curve has reached a plateau 
(green line) or is continuing to rise (purple line) using model comparison. (B-D) Graph of evidence 
ratio for a plateau, compared to a gradient, for the final ten points in the FRAP recovery curve for p53-/- 
vector (blue) and p53-/- R175H cells (red) grown on glass (B), CDM (C) or in a xenograft (D). 
Evidence ratios larger than 1 indicate that it is more likely that the curve has plateaued. (E-G) 
Immobile fractions calculated when using one (left) and two phase FRAP recovery models (right) for 
p53-/- vector (blue) and p53-/- R175H cells (red) grown on glass (E), CDM (F) and in a xenograft (G). 
(H-J) Confidence interval on value of fitted immobile fraction calculated using the Delta method for 
p53-/- vector (blue) and p53-/- R175H cells plated on glass (H), CDM (I) and in a xenograft (J) 
Columns, mean; bars,  ± SE. *, P <0.05; **, P < 0.01; ***, P < 0.001  by unpaired Student's t-test. 
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Figure S3, related to Figures 2,3. E-cadherin-GFP FRAP, FLIP and OD-GLCM analysis in non-
invasive versus invasive PDAC cells on CDMs and in xenografts.  
(A) Graphs comparing the mobilization of E-cadherin-GFP in cell-cell junctions between p53‐/- vector 
and p53‐/- R175H cells on CDMs. (B) Cartoon schematically illustrating the OD-GLCM kymograph 
contrast parameter. Each point on the graph gives a measure of the contrast between points along the 
junction at a particular distances from one another, averaged over the kymograph. This example shows 
two spatial profiles with specific examples illustrating how pairs of points contribute to the OD-GLCM 
contrast at short (blue), intermediate (yellow) and long (red) distances. (C,D) Representative 
kymographs of the native, unbleached junctions for p53-/- vector (C) and p53-/- R175H cells (D). Blue 
arrows indicate persistent regions of high intensity. Changes in the size of the kymograph represent 
slight changes in length of the junction over the imaging period. (E) OD-GLCM contrast as a function 
of distance for the p53-/- vector cells (blue, n=30) and p53-/- R175H cells (red, n=28). Columns, mean; 
bars, ± SE; *, P <0.05; **, P < 0.01 by unpaired Student's t-test. (F) Graphs comparing the mobilization 
of E-cadherin-GFP in cell-cell junctions between p53-/- vector and p53-/- R175H cells on CDMs. (G,H) 
Representative kymographs of the native, unbleached junctions for p53-/- vector (G) and p53-/- R175H 
(H) xenografts. Blue arrows indicate persistent regions of high intensity. Slight discontinuities in the 
kymographs are due to movement of the imaging region to correct for drift. Changes in the size of the 
kymograph represent slight changes in length of the junction over the imaging period. (I) GLCM 
contrast as a function of distance for the p53-/- vector (blue, n=18) and p53-/- R175H xenografts (red, 
n=10). Statistical significance for OD-GLCM was calculated based on the average contrast. Columns, 
mean; bars, ± SE; *, P <0.05; **, P < 0.01 by unpaired Student's t-test. 
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Figure S4, related to Figures 5,6. E-cadherin-GFP FRAP in in situ pancreatic tissue.  
(A) Graph and table showing an increase in E-cadherin mobility in KrasG12D; p53R172H tumors 
compared to normal pancreas, tumors of KrasG12D alone, KrasG12D; p53-/- KrasG12D; p53R172H and tumors 
of dasatinib-treated KrasG12D; p53R172H mice for each mouse analyzed. (B) Graphs comparing the 
mobilization of E-cadherin-GFP in cell-cell junctions between normal pancreas, tumors of KrasG12D 
alone, KrasG12D; p53-/- KrasG12D; p53R172H and tumors of dasatinib-treated KrasG12D; p53R172H mice (C) 
Graphs comparing the mobilization of E-cadherin-GFP in cell-cell junctions between p53-/- vector and 
p53-/- R175H cells grown on CDMs after treatment with 2µM saracatenib or DMSO for 4h; > 10 
junctions per group.  (D,E) Assessment of phospho-Y416 Src following treatment of p53-/- R175H cells 
with dasatinib or saracatenib for 4 hours with Western Blot analysis (D) and using Bio-Plex MAGPIX 
Multiplex Reader (E). (F,G) Trans-Endothelial Electrical Resistance (TEER) measurements of cell-cell 
junction integrity (F) and Dispase-based mechanical disruption (G) in non-invasive, E-cadherin-GFP-
transfected p53-/- PDAC cells derived from Pdx1-Cre; KrasG12D/+; p53-/- mice (columns, 1 and 3, pre-
saracatenib and columns, 5 and 7, post- saracatenib) versus invasive, E-cadherin-GFP-transfected 
mutant p53 bearing PDAC cells (columns, 2 and 4, pre- saracatenib and columns, 6 and 8, post- 
saracatenib). Columns, mean; bars, ± SE, n = 3 per group, *, P <0.05; **, P < 0.01 by unpaired 
Student's t-test. 
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Figure S5, related to Figure 7. E-cadherin-GFP expression in primary cells derived from Pdx1-
Cre; KrasG12D; p53R172H; E-cadherin-GFP mice with dasatinib-induced cluster formation in 3D 
organotypic matrices. 
(A) Whole body fluorescent image of primary tumor and isolated liver micro-metastases of a Pdx1-
Cre; KrasG12D; p53R172H; E-cadherin-GFP mouse. Cell lines derived from the primary tumor and liver 
metastases of 3 independent mice (101912, 105925, 111375) as well as cells derived from the primary 
tunor of a Pdx1-Cre; KrasG12D; p53-/-; E-cadherin-GFP mouse (107118, primary) were chosen for 
further analysis. (B) Growth of primary cell lines from the Pdx1-Cre; KrasG12D; p53R172H; E-cadherin-
GFP mouse was comparable to p53R172H cells without E-cadherin-GFP expression (left panel). Growth 
of primary cell lines from the Pdx1-Cre; KrasG12D; p53-/-; E-cadherin-GFP mouse was comparable to 
p53-/- cells without E-cadherin-GFP expression (right panel). (C) Isolated secondary metastatic cell line 
(111375, met) from the liver of a Pdx1-Cre; KrasG12D; p53R172H; E-cadherin-GFP mouse invading into 
3D-organotypic matrices ± dasatinib (13 days, 200 nM). Black arrows indicate cluster formation upon 
dasatinib treatment. Quantification of cell invasion as number of cells invaded beyond > 200 µm and 
quantification of cell clustering within matrices ± dasatinib (13 days, 200 nM). (D) 
Immunofluorescence staining of E-cadherin within matrices ± dasatinib (13 days, 200 nM) for 
metastatic line 111375 met. Red arrows indicate stabilized E-cadherin-GFP expression within cell 
clusters within the matrix. Anti-E-cadherin in green, DAPI in blue. (E,F) TEER measurements (left 
graph) and Dispase-based mechanical disruption (right graph) in 111375 met ± dasatinib (E) and 
107118 ± dasatinib (F). Columns, mean; bars, ± SE; n = 3 per group; *, P <0.05 by unpaired Student's 
t-test. 
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Figure S6, related to Figure 7. Saracatenib-induced cluster formation of metastatic cells derived 
from the E-cadherin-GFP mouse in 3D organotypic matrices and OD-GLCM junction analysis of 
cells derived from the E-cadherin-GFP mouse. 
(A,B) Isolated metastatic cell lines 101912 met (A) and 105925 met (B) from the liver of the transgenic 
mouse invading in 3D-organotypic matrices ± saracatenib (13 days, 1µM). Black arrows indicate 
cluster formation upon saracatenib treatment. Quantification of cell invasion between 200 µm - 400 µm 
and cell clustering within matrices ± saracatenib (13 days, 1µM). (C,D) Immunofluorescence staining 
of E-cadherin within matrices ± saracatenib (13 days, 1µM) for metastatic lines 101912 met (C) and 
105925 met (D). Red arrows label cell-cell junctions within cell clusters upon saracatenib treatment. E-
cadherin, green; DAPI, blue. (E) Isolated secondary metastatic cell line 111375 met invading into 3D-
organotypic matrices ± saracatenib (13 days, 1µM). Black arrows indicate cluster formation upon 
saracatenib treatment. Quantification of cell invasion as number of cells invaded beyond > 200 µm and 
quantification of cell clustering within matrices ± saracatenib (13 days, 1µM). (F-I) Trans-Endothelial 
Electrical Resistance (TEER) measurements (left) and Dispase-based mechanical disruption (right) in 
cell lines derived from the E-cadherin-GFP mouse, 101912 met ± saracatenib (F) and 105925 met (G),  
111375 ± saracatenib (H) and 107118 ± saracatenib (I). (J) Representative kymographs of native, 
unbleached junctions for 107118 primary, 101912 met, 105925 met and 111375 met. Blue arrows 
indicate persistent regions of high intensity. Changes in the size of the kymograph represent slight 
changes in length of the junction over the imaging period. (K) OD-GLCM contrast as a function of 
distance for 107118 primary (blue, n=36), 101912 met (red, n=30), 105925 met (yellow, n=20) and 
111375 met (purple, n=22). Statistical significance for OD-GLCM was calculated based on the average 
contrast. Columns, mean; bars, ± SE; n = 3 per group; *, P <0.05; **, P < 0.01 ; ***, P < 0.001 by 
unpaired Student's t-test.  



	
  

Supplemental Movie Legends 
Movie S1, related to Figure 1. Tissue-specific and induced expression of E-cadherin-GFP.  
First panel, Z-stack (left) and maximum-intensity 3D movie (right) of E-cadherin-GFP cell-cell 
junctions in the pancreas (Pdx1-Cre; E-Cadherin-GFP), E-cadherin-GFP in green, collagen-derived 
SHG-signal in purple.  
Second panel, Z-stack through the liver of an untreated (left) and treated (right, 3 doses of 2mg ß-
naphthoflavone over 8 hours) Cyp1a1-Cre; E-Cadherin-GFP control mouse (Cyp1a1-Cre; E-Cadherin-
GFP), E-cadherin-GFP in green, collagen-derived SHG-signal in purple.  
Third panel, Z-stack of mammary gland alveoli (left) and mammary gland lumen (right; MMTV-Cre; 
E-Cadherin-GFP), E-cadherin-GFP in green, collagen I-derived SHG-signal in purple. Note elastin 
autofluorescence in striated green lines. 
Fourth panel, Z-stack movie (left) and FRAP time lapse movie (right) of E-cadherin-GFP in isolated 
pancreatic islets (RIP-Cre; E-Cadherin-GFP), E-cadherin-GFP in green, collagen I-derived SHG-signal 
in purple. Red arrow indicates bleached region. 
 
Movie S2, related to Figure 1. Constitutive expression of E-cadherin-GFP. 
First panel, Z-stack movie (left) and FRAP time-lapse movie (right) of E-cadherin-GFP in the kidney 
(E-cadherin-GFP ‘ON’ mouse), E-cadherin-GFP in green, collagen I-derived SHG-signal in purple. 
Red arrow indicates bleached region. 
Second panel, Z-stack movie (left) and FRAP time-lapse movie (right) of E-cadherin-GFP in the 
choroid epithelium of the brain (E-cadherin-GFP ‘ON’ mouse), E-cadherin-GFP in green, collagen I-
derived SHG-signal in purple. Red arrow indicates bleached region. 
Third panel, Z-stack movie (left) and FRAP time-lapse movie (right) of E-cadherin-GFP in the 
salivary gland (E-cadherin-GFP ‘ON’ mouse), E-cadherin-GFP in green, collagen I-derived SHG-
signal in purple. Red arrow indicates bleached region. 
Fourth panel, Z-stack movie (left) and FRAP time-lapse movie (right) of E-cadherin-GFP in the 
pancreas (E-cadherin-GFP ‘ON’ mouse), E-cadherin-GFP in green, collagen I-derived SHG-signal in 
purple. Red arrow indicates bleached region. 
Fifth panel, Z-stack movie (left) and FRAP time-lapse movie (right) of E-cadherin-GFP in the liver 
(E-cadherin-GFP ‘ON’ mouse), E-cadherin-GFP in green, collagen I-derived SHG-signal in purple. 
Red arrow indicates bleached region. 
Sixth panel, Z-stack movie (left) and FRAP time-lapse movie (right) of E-cadherin-GFP in the 
lactating mammary gland (E-cadherin-GFP ‘ON’ mouse), E-cadherin-GFP in green, collagen I-derived 
SHG-signal in purple. Red arrow indicates bleached region. 
 
Movie S3, related to Figure 2. FRAP on CDMs 
FRAP time-lapse in E-cadherin-GFP expressing p53-/- vector cells (left) and E-cadherin-GFP 
expressing p53-/- R175H cells (right) on 3D-CDM, E-cadherin-GFP in green. Red arrow indicates 
bleached region. 
 
Movie S4, related to Figure 2. FLIP on CDMs 
FLIP time-lapse imaging (top panel) and tracking of cell-cell junctions (bottom panel) in E-cadherin-
GFP expressing p53-/- vector cells (left panel) and E-cadherin-GFP expressing p53-/- R175H cells (right 
panel) on 3D-CDM, E-cadherin-GFP in green. White rectangle indicates repeatedly bleached region. 
 
Movie S5, related to Figure 3. FRAP in xenografts 
FRAP time-lapse in E-cadherin-GFP expressing p53-/- vector cells (left) and E-cadherin-GFP 
expressing p53-/- R175H cells (right) in live xenograft tumors, E-cadherin-GFP in green. Red arrow 
indicates bleached region. 
 
Movie S6, related to Figure 3. FLIP on xenografts. 
FLIP time-lapse imaging (top panel) and tracking of cell-cell junctions (bottom panel) in E-cadherin-
GFP expressing p53-/- vector cells (left panel) and E-cadherin-GFP expressing p53-/- R175H cells (right 
panel) in live xenograft tumors, E-cadherin-GFP in green. White rectangle indicates repeatedly 
bleached region. 
 
Movie S7, related to Figures 5,6. FRAP in genetically engineered mouse models of PDAC 
formation and following drug treatment. 
First panel, FRAP time-lapse in Pdx1-Cre; E-Cadherin-GFP pancreas (left), Pdx1-Cre; KrasG12D; E-
Cadherin-GFP tumors (middle) and Pdx1-Cre; KrasG12D; p53-/-; E-Cadherin-GFP tumors (right) of age-



	
  

matched mice (~ 150 days old), E-cadherin-GFP in green. Red arrow indicates bleached region.  
Second panel, FRAP time-lapse in Pdx1-Cre; KrasG12D; p53R172H; E-Cadherin-GFP tumors (left) and 
Pdx1-Cre; KrasG12D; p53R172H; E-Cadherin-GFP tumors treated with dasatinib for 3 days (right) of age-
matched mice (~ 150 days old), E-cadherin-GFP in green. Red arrow indicates bleached region. 
  



	
  

Supplemental Experimental Procedures 
Generation of E-cadherin-GFP mice Conditional E-cadherin-GFP expressing mice were generated 
by targeting a lox-stop-lox transgene under the control of a CAG promoter to the Hprt locus (Figure 
1A), as described previously (Bronson et al., 1996; Samuel et al., 2009; Schachtner et al., 2012). The 
CAG lox-stop-lox transgene was constructed by firstly replacing the SA of plasmid pBigT (Srinivas et 
al., 2001) with the CAG promoter from pTurbo-Cre. The PGK promoter and the EM7 promoter 
sequence from pL452 were subsequently inserted into pBigT.CAAG by recombineering in E. coli (Liu 
et al., 2003). Short 5’ and 3’ arms homologous to sequences within the Hprt targeting plasmid pSKB1 
(Bronson et al., 1996) were then inserted upstream and downstream of the expression cassette to 
generate pHprt.CAAG.STOP. A cDNA encoding the extensively validated EGFP-linked E-cadherin 
fusion protein ((Lock et al., 2005; Lock and Stow, 2005), a kind gift from Jennifer Stow, Institute for 
Molecular Bioscience, University of Queensland, St. Lucia, Queensland, Australia) was then cloned 
downstream of the lox-stop-lox cassette. The transgene was then recombineered into pSKB1 (Bronson 
et al., 1996) to generate the final targeting vector.  

The vector was linearised and electroporated into Hprt-deficient HM1 ES cells, cultured on a 
DR4 mouse embryonic fibroblast feeder layer (Magin et al., 1992; Tucker et al., 1997). Homologous 
recombinants were selected in medium containing HAT supplement (Sigma). Correct targeting of the 
vector to the Hprt locus on both the 5’ and 3’ sides was confirmed using PCR on genomic DNA 
prepared from HAT-resistant colonies. Following identification of correctly targeted clones, mouse 
lines were derived from C57BL/6J blastocysts according to standard protocols. Germline transmission 
was identified by coat color and correct transmission of the transgene was confimed by PCR to the 
GFP sequences using the primers AAGTTCATCTGCACCACCG and 
TCCTTGAAGAAGATGGTGCG. 

	
  
Animals All animals were kept in conventional animal facilities and monitored daily. Animal 
experiments were performed in accordance with U.K. Home Office guidelines and the Australian code 
of practice for the care and use of animals for scientific purposes. All mice were genotyped by 
Transnetyx (Cordova, TN). 
 
Multiphoton Imaging Imaging was conducted on an inverted Leica SP8 microscope and the excitation 
source used was a Ti:Sapphire femtosecond pulsed laser (Coherent Chameleon Ultra II), operating at 
80 MHz and tuned to a wavelength of 890 nm. Images were acquired with a 25x NA0.95 water 
objective. A dichroic filter (495nm) was used to separate the SHG signal from GFP emission, which 
were further selected with band pass filters (460/50 and 525/50, respectively). Intensity was recorded 
with external RLD HyD detectors. For z-stacks, images were acquired at a resolution of 1080x1080 
pixels and a z-step size of 2.52 µm.  
 
Confocal photobleaching experiments in cell culture, cell-derived matrix and in vivo  2.5x106 
confluent PDAC cells (E-cadherin-GFP-transfected cell lines) or 5x106 confluent metastatic cells 
(derived from the E-cadherin-GFP mouse) were plated onto 35 mm glass bottom dishes (MatTek) and 
allowed to adhere and form cell-cell junctions for 36h prior to photobleaching analysis. Dishes coated 
with cell-derived matrix (Serebriiskii et al., 2008) were used for photobleaching on 3D substrates. 
Photobleaching experiments were performed using a Leica DMI 6000 SP8 Confocal microscope or an 
Olympus FV1000 Confocal microscope with SIM scanner (Serrels et al., 2009). Cells were maintained 
at 37 °C and imaging performed at 488 nm excitation using the following settings: pixel dwell time 4 
µs/px, pixel resolution 512x512. For FRAP imaging, a circular area with 1.5µm diameter (FRAP 
imaging) or 3µm diameter (large region FRAP) bleached to approximately 50% of the original pre-
bleach intensity was used in all experimental setups (Sprague and McNally, 2005). Photobleaching was 
achieved using a 405 nm laser, 20 µs/pixel dwell time for one frame (at > 70 µm depth in vivo). Images 
were captured every 1.6 s for ~ 5 minutes.  

For FLIP imaging, a rectangular area (0.5µm wide parallel to the junction and 4µm long 
perpendicular to the junction) was bleached using a 405 nm laser (20 µs/pixel dwell time for one 
frame) followed by 10 post-bleach images acquired with 488 nm as described above. The bleach-
postbleach protocol was repeated for 50 cycles to achieve robust FLIP. Images were captured every 
1.6 s for ~ 20 minutes. 

For photobleaching experiments in live xenograft tumors, 1x106 PDAC cells suspended in 100 
µL HBSS (Invitrogen) were subcutaneously injected into the rear flank of CD-1 nude mouse and 
allowed to grow tumors ~ 1-1.4 mm, in line with animal ethics guidelines. To permit imaging mice 
were anaesthetized using a combination of 1:1 hypnorm - H2O + 1:1 hypnovel - H2O. Following 
induction of anaesthesia the subcutaneous tumor was surgically exposed via skin flap procedure, as 



	
  

previously described (Canel et al., 2010b; Serrels et al., 2009) and the mouse restrained on a 37 °C 
heated stage. Intravital FRAP and FLIP imaging was performed as described above and the mice were 
sacrificed after the experiment within 4 h of imaging. FRAP on pancreatic tissues and tumors was 
performed using similar parameters as described above upon ~ 150 days of tumor development with 
the appearance of swollen abdomen, cachexia or reduced mobility due to tumor burden (n = 3 
independent mice, per condition, ≥ 21 cell-cell junctions in total).  

 
FRAP data analysis Recovery curves obtained from fluorescent intensity measurements were 
exported for exponential curve fitting, as described previously (Canel et al., 2010a; Canel et al., 2010b; 
Serrels et al., 2009). Data were fit using the following exponential function: 𝑦𝑦 𝑡𝑡 = 𝑦𝑦 + 𝑎𝑎 ∗
1 − exp −𝑏𝑏 ∗ 𝑥𝑥 . The immobile fraction (Fi) was calculated as follows using values derived from 

the curve fit: 𝐹𝐹𝐹𝐹 = 100 ∗ 1 − . The half-time of recovery was calculated using the formula 

𝑡𝑡1
2
= (ln   2)/𝑏𝑏, where b was obtained from the exponential curve fit. We calculated the 95% 

confidence interval on the fitted value of the immobile fraction using the Delta method (Figure S2H-J 
control, blue bar; mutant, red bar (Oehlert, 1992).  
 
Quality control and validation of FRAP quantification The following quality control criteria were 
applied to reject data corrupted by unacceptable experimental artefacts. To control for drift in the z-
axis, the intensity in unbleached areas of the image were assessed. If the intensity in these areas 
fluctuated or drifted over the time course, the image was excluded from the analysis. Images that 
exhibited minor lateral drift were realigned using the ImageJ plugin StackReg (Thevenaz et al., 1998). 
Images where realignment failed, were excluded from the analysis. For each fitted curve, the quality 
of the fit was assessed using the sum-of-squares residual R2. Curves exhibiting an unacceptably low 
signal-to-noise level, as defined by a value of R2 below 0.9 in vitro and 0.7 in vivo, were rejected from 
the analysis. 
The FRAP data were fitted using a one phase FRAP recovery model to estimate the E-cadherin 
immobile fraction, as discussed above and described previously (Canel et al., 2010a; Canel et al., 
2010b; Serrels et al., 2009). If multiple processes contribute to the recovery then a multiple phase 
recovery model, 𝑦𝑦 𝑡𝑡 = 𝑦𝑦 + 𝑎𝑎 ∗ 1 − 𝑐𝑐 exp −𝑏𝑏 ⋅ 𝑡𝑡 , may be used to quantify the recovery 
times of the different processes. The immobile fraction, Fi= 100 ∗ 1 − , in principle depends 
only on the depth of the initial bleach event, y0, and the height of the recovery, a. If a measured FRAP 
curve has plateaued before the end of the measurement then the estimated immobile fraction does not 
depend on the number and rate of the processes in the model used to fit the decay. To validate our 
approach to estimating the E-cadherin immobile fraction, we a) verified that our FRAP curves had 
reached a plateau in the measurement period and b) compared the immobile fraction calculated using a 
one phase and two phase model.  

a) To determine whether the FRAP curves had truly reached a plateau by the end of the 
recorded trace we compared the fit of two models, (i) a straight line fit with a slope equal to zero and 
(ii) a straight line fit with a positive gradient, to the final ten points of the FRAP curve using Akaike’s 
information criteria (AIC) (Akaike, 1981; Motulsky and Christopoulos, 2004). These models 
correspond to a plateau and a continued gradient, respectively. The AIC for a model is given by 

AIC = N ⋅ ln
SS
N

+ 2K 

where SS is the sum-of-squares residuals of the fit, N is the number of data points and K the number 
of fitted parameters. The difference between the AIC of the two models, AICgradient-AICplateau gives an 
insight into the relative probabilities of the two models given the data. In particular, the evidence ratio, 
gives an estimate of the ratio of probabilities of the two models (Figure S2A):   

Evidence  Ratio =
P plateau
P(gradient)

=
1

e . ( ) 

This analysis was applied to the in vitro and in vivo FRAP data. For each dataset, the average evidence 
ratio for a plateau was greater than 75, indicating that the plateau model was at least 75 times more 
likely than the gradient model and so providing strong evidence the data had become asymptotic and 
plateaued (Figure S2B-D).  
 b) We also compared the immobile fraction calculated by fitting the in vitro and in vivo 
FRAP data shown to a one phase and two phase model (Figure S2E-G). Where fitting with a two-
phase model failed to converge, the datasets were excluded from the analysis. We found that fitting 
either a single or two-phase model to our data generated from 2D (glass), 3D (CDMs) or xenografts 
models made no significant difference to our analysis, indicating that use of a single exponential fit 



	
  

does not bias our readout of the immobile fraction (Figure S2E-G control, blue bar; mutant, red bar) 
and is in line with previous publications (Canel et al., 2010a; Canel et al., 2010b; Serrels et al., 2009). 
We note that a two-phase analysis requires a significantly higher signal to noise ratio to reliably 
constrain the fit parameters (Istratov and Vyvenko, 1999) and therefore chose to use a single-phase 
model throughout our manuscript to determine the immobile fraction. The AIC analysis providing 
strong evidence that the curves have plateaued in combination with the comparison of the two models 
suggests that fitting a single exponential model provides an appropriate and robust estimate of the 
immobile fraction. 
 
Tracking junctions during FLIP acquisition Junctions were tracked over time using an optical flow 
based procedure. Junctions were identified using a series of manually selected points. From these 
points, ten evenly spaced key points along the junction were obtained using spline interpolation 
(Burden and Faires, 1997). The optical flow between consecutive images in the sequence was 
calculated using the Horn-Schunck method (Barron et al., 1994) with the Matlab Vision toolbox. The 
optical flow provides an estimate of the velocity of objects in the image. The optical flow map was 
smoothed with a circular kernel of radius eight pixels and used to calculate the displacement of the 
key points along the junctions between the two frames to estimate the position of the junction in the 
latter frame. Ten new evenly spaced points were generated from the spline connecting the displaced 
points and the process was repeated for all consecutive pairs of images in the sequence. This approach 
allowed us to follow the intensity profile along a deforming junction for up to 800s. 
 
FLIP data analysis Where sample drift was detected, the FLIP image sequences were aligned using 
rigid-body registration with the ImageJ plugin “StackReg” (Thevenaz et al., 1998). In each image five 
junctions were tracked; the bleached junction, two junction adjacent to the bleached region and two 
distant junctions in cells which were not bleached. The average intensity of the junctions was tracked 
with time to yield intensity time profiles for each junction. In addition, the average intensity in a 1µm 
region around the bleach point on the membrane and two points 3µm from the bleach point was 
calculated for each time point. Photobleaching due to imaging was corrected by fitting an exponential 
decay curve to the average of the distant junctions’ time profiles and dividing each time profile by the 
fitted decay curve. The fraction of retained fluorescence was calculated using the ratio of the average 
of the final five points in the time profile to the initial intensity.   
 
Generation of kymographs Kymographs were generated for tracked junctions. At each time point, 
200 evenly spaced points along the junction were generated using spline interpolation (Burden and 
Faires, 1997). At each point, a ten pixel line perpendicular to and centered on the junction was 
integrated to estimate the intensity of the junction at that point and generate a line profile of the 
intensity along the junction. Where the length of the tracked junction changed, the line profiles were 
resampled to match the spacing in the first frame. Using this analysis we were able to visualise the 
loss of fluorescence across a junction with time as a single point is bleached.  
 
Kymograph GLCM analysis To assess the level of intensity variation across a junction and quantify 
the uniformity or texture of the E-cadherin signal, Orientation Dependent Gray-Level Co-occurrence 
Matrix (OD-GLCM) analysis (Haralick et al., 1973) was applied to kymographs of native 
(unbleached) junctions. A GLCM quantifies the number of occurrences of different intensity values at 
a particular spatial offset over an image and can be used to quantify the heterogeneity of an image, as 
previously demonstrated (Hu et al., 2012; Huo et al., 2015; Miller et al., 2015; Nobis et al., 2013; 
Samuel et al., 2011). The contrast parameter, 𝑖𝑖 − 𝑗𝑗, 𝑝𝑝(𝑖𝑖, 𝑗𝑗), provides a measure of contrast 
between a pixel and its neighbour over the whole kymograph and serves as an indication of the 
differences in intensity values along the junction; a low contrast value indicates a homogeneous 
intensity distribution, while a high contrast value indicates areas of high and low intensity are present 
(Figure S3B). The contrast parameter was calculated over a range of offsets from zero to 80 pixels 
along the junction.  
 
Source code for the Kymograph generation and FLIP analysis used in the manuscript is available to 
download from https://github.com/timpsonlab/ 
 
Large area FRAP analysis Kymographs of large region FRAP movies were generated using the 
approach described above. To generate an average kymograph, the kymographs were aligned based on 
the location of the bleach region and resampled on a uniform grid of 200 points spaced over 10µm 
around the bleach region. The initial intensity of the junction was corrected for by normalising each 



	
  

spatial point on the kymograph to its corresponding pre-bleach intensity. Photobleaching due to 
imaging was corrected by fitting an exponential decay curve to the average intensity of the movie 
outside of the bleach region and normalising the kymographs to the fitted curve. Selected spatial 
profiles from the average, normalised kymograph were fitted to a Gaussian profile 𝐼𝐼(𝑟𝑟) = 1 − 𝐴𝐴 ⋅
exp −  using the Matlab curve fitting toolbox to find the width 𝜎𝜎 and depth 𝐴𝐴 of the bleached 
region at that point. 
 
Analysis of large area FRAP kymographs The change in the intensity profile along the membrane 
of a FRAP bleach region over time can provide an insight into the processes governing the recovery. 
To quantify this process, we used a model of FRAP recovery considering the effects of lateral 
diffusion in the membrane and exchange with the cytoplasm (de Beco et al., 2012; de Beco et al., 
2009; Goehring et al., 2010) and relate this model to the parameters of the Gaussian fit of the 
measured spatial profiles. The rate equation which governs the recovery of a photobleaching event in 
the membrane 𝑐𝑐∗(𝑟𝑟, 𝑡𝑡)  , can be written in terms of the effective diffusion coefficient 𝐷𝐷eff , and the rate 
constant of endocytosis from the cytoplasm to the membrane, 𝑘𝑘endo, as 

𝑑𝑑𝑐𝑐∗

𝑑𝑑𝑑𝑑
= 𝐷𝐷eff∇

2𝑐𝑐∗ − 𝑘𝑘endo𝑐𝑐
∗ 

assuming a reaction limited exchange process where diffusion in the cytoplasm is fast compared the 
rate of endo- and exocytosis (Coscoy et al., 2002). If the initial bleach event has a Gaussian profile 
with width a, it may be shown by substitution that the bleach profile will evolve according to 

𝑐𝑐∗ 𝑥𝑥, 𝑡𝑡 =
exp −𝑘𝑘endo𝑡𝑡

𝑎𝑎2 + 4𝐷𝐷eff𝑡𝑡
exp −

𝑟𝑟2

𝑎𝑎2 + 4𝐷𝐷eff𝑡𝑡
, 

a Gaussian with width characterised by 𝜎𝜎2 = 𝑎𝑎2 + 4𝐷𝐷eff𝑡𝑡 whose height decreases over time due to 
both diffusion and transport. If the recovery is dominated by cytoplasmic exchange, the width of the 
bleach region will remain uniform during the recovery as illustrated in Figure S4B. If diffusion is 
present, the width of the bleach region will increase over time. Simulations of recovery via diffusion 
and cytoplasmic-exchange are shown as line profiles and kymographs in Figure S4A,B. To estimate 
the diffusion coefficient, we fitted the spatial bleach profiles over time to the equation above. The 
diffusion coefficient was estimated from a straight line fit of σ2 against time. Using this approach we 
were able to monitor and gain an insight into the contributions of lateral motion and cytoplasmic 
transport to the FRAP recovery process. 
 
Drug treatment in vitro and in vivo Dasatinib (Bristol-Myers Squibb, Princeton, NJ) was 
administered daily by oral gavage in 80 mM citrate buffer (10 mg/kg) (or 200 nM in cell culture 
medium in vitro). Saracatenib (Assay Matrix) was used at a concentration of 2µM in cell culture 
medium in vitro. After pancreatic tumor burden was observed in mice (monitored for swollen 
abdomen, cachexia, reduced mobility with tumor evident by palpation), the respective animals were 
then administered dasatinib for three days, as previously described (Morton et al., 2010; Nobis et al., 
2013). After the final treatments the tumors were subsequently imaged and FRAP recovery curves 
obtained, n = 3 mice per imaging group (Morton et al., 2010; Nobis et al., 2013). 
 
Whole body OV100 imaging and cell culture Primary tumor cells from the pancreas of non-invasive 
Pdx1-Cre; KrasG12D; p53-/-; E-cadherin-GFP and invasive Pdx1-Cre; KrasG12D; p53R172H; E-cadherin-
GFP mice or secondary metastatic tumor cells which had colonized in the liver were identified using 
whole body OV100 fluorescent imaging (Olympus) and surgically removed prior to disaggregation in 
vitro and outgrowth in growth media (Dulbecco's modified Eagle medium containing 10% fetal 
bovine serum and 2 mmol/L L-glutamine) to generate cell lines 107118 primary, 101192 primary, 
101912 met, 105925 primary, 105925 met and 111375 met, as previously achieved (Morton et al., 
2010). Similarly, p53R172H and p53-/- PDAC cell lines were derived from tumors harvested from Pdx1-
Cre; KrasG12D; p53R172H mice and Pdx1-Cre; KrasG12D; p53flox/+ mice (which have lost wildtype p53 
expression and are referred to as p53-/- cells throughout the manuscript), respectively (Morton et al., 
2010). p53-/- R175H and p53-/- vector cells were generated by stable transfection of p53-/- cells with 
p53R175H or empty vector, and selected using 0.6 mg/ml G418 (Formedium, gift from Prof Karen 
Vousden). Subsequently, each cell line was stably transfected with E-cadherin-GFP plasmid (Lock 
and Stow, 2005; Serrels et al., 2009) and selected using 100 µg/ml hygromycin. Cells were maintained 
in DMEM supplemented with 10 % FCS + 2 mM L-glutamine + 1 % penicillin/streptomycin solution 
(Invitrogen) and sub-cultured weekly at a split ratio of 1:10 (Morton et al., 2010). 
 



	
  

Proliferation assay 1,000 cells were plated in 96-well microtiter plates (six replicates per cell line) and 
incubated overnight to allow attachment prior to the day 0 time point. All cell lines were cultured as 
described above. Cell proliferation was determined at day 3 and day 5 using the CellTiter 96 aqueous 
assay (Promega), in accordance with manufacturer’s instructions, and normalized to day 0 after blank 
correction.  
 
Cell adhesion measurement via TEER and Dispase assay TEER was measured on confluent PDAC 
cells seeded into 12 well transwell supports (costar) using an EVOM2 epithelial voltohmmeter with an 
STX2 electrode (World Precision Instruments). The results were reported as electrical resistance 
(Ohms) ± SEM, P < 0.05 *, P < ** 0.01, unpaired Student’s t-test. For Dispase assays (Calautti et al., 
1998), confluent PDAC cells were treated with 6 mg/ml Dispase II (Sigma) in PBS, and subjected to 
mechanical stress, as previously described (Calautti et al., 1998; Canel et al., 2010b). Single cells were 
counted after passing through a 40 um nylon filter (BD Falcon). The single cell number was calculated 
as a percentage of the total cell number achieved after treating a control well with trypsin. Primary 
metastatic lines were treated with 100nM dasatinib or 1µm saracatenib for 2h. Results were reported 
by normalizing the drug-treated samples to the corresponding vehicle-treated samples. Columns, mean 
± SEM, P < 0.05 *, P < ** 0.01, unpaired Student’s t-test. 
 
3D rat tail fibrillar collagen I organotypic assay	
   Briefly, ~ 3 x 105/ml primary fibroblasts were 
embedded in a three-dimensional matrix of rat tail collagen І. Rat tail tendon collagen solution was 
prepared by the extraction of tendons with 0.5 M acetic acid to a concentration of ~ 2 mg/ml.  
Detached, polymerized matrix (2.5 ml) in 35 mm petri dishes was allowed to contract for 
approximately 12 days in complete media (DMEM, supplemented with 10% FCS, Invitrogen) until the 
fibroblasts had contracted the matrix to ~1.5 cm diameter. Subsequently, 1 x 105 PDAC cells were 
plated on top of the matrix in complete media and allowed to grow to confluence for 4 days. The 
matrix was then mounted on a metal grid and raised to the air/liquid interface resulting in the matrix 
being fed from below with complete media that was changed every 2 days. For drug treatment, 200 nM 
dasatinib or 1µM saracatenib was added to the media below the matrix throughout the 13 day invasion 
period. After 13 days, the cultures were imaged as described, snap-frozen for cryo-sectioning or fixed 
using 10% formalin and processed by standard methods for hematoxylin and eosin (H&E). PDAC cell 
invasive index was determined by counting cells that invaded between 200 µm and 400 µm within the 
matrix, as previously described using 10 independent images per condition, n= 3 (Nobis et al., 2013; 
Reverter et al., 2014; Timpson et al., 2011). Similarly, cell clustering upon dasatinib treatment was 
quantified by counting cell clusters > 50 µm throughout the matrix, as previously described (Dawson et 
al., 2012). Representative images of 3 independent experiments are shown. Columns, mean ± SEM, *, 
P <0.05; **, P < 0.01, unpaired Student's t-test.  

Immunoblot Cells and tissues were lysed in protein extraction buffer (50mM HEPES, 1% Triton-X-
100, 0.5% sodium deoxycholate, 0.1% SDS, 0.5mM EDTA, 50mM NaF, 10mM Na3VO4 and protease 
inhibitor cocktail (Roche)). Lysates were resolved by Bis-Tris gel electrophoresis and proteins 
transferred onto a PVDF membrane (Immobilon-P, Millipore), blocked with 5% milk, incubated with 
primary antibodies against E-Cadherin (BD Biosciences, 1:1000), phospho-Y416 Src (Cell Signaling, 
1:500), total Src (Cell Signaling, 1:1000), β-actin (SigmaAldrich, 1:40000) and GAPDH (Acris, 
1:10000) diluted in 5% BSA overnight at 4 °C and probed with HRP-linked secondary antibodies (GE 
Healthcare, 1:5000) diluted in 1% milk. Signal was visualized with ECL Reagent (Pierce) on X-Ray 
films (Fujifilm). Cell lysates were analysed using a Bio-Plex MAGPIX Multiplex Reader (BioRad), 
according to manufacturer’s instructions. Assays for the measurement of p-Src-Y416 (171V50039M, 
BioRad)) and β-Actin (171V60020M, BioRad) were used. Values obtained for p-Y416 Src were 
normalised to β-actin (mean +/- SEM, n=3).	
  

Immunofluorescence For E-cadherin immunofluorescence, organotypic cryo sections were de-frosted, 
fixed in 4% PFA and permeabilized in ice-cold methanol. Subsequently, sections were blocked with 
10% FBS and incubated with anti-E-cadherin (BD Biosciences) diluted 1:100 in 1% BSA overnight at 
4°C. Sections were incubated with Alexa488-coupled anti-mouse antibody (Jackson ImmunoResearch 
Laboratories Inc.), counter-stained with DAPI and mounted with Vectashield (Vector). For detection of 
E-cadherin-GFP signal from E-cadherin-GFP mouse-derived cells, primary cell lines were grown on 
cover slips. Upon confluence, cells were fixed with 4% PFA for 10min and mounted with Vectashield 
(Vector) for direct GFP imaging via fluorescence.  
 
Carmine and immunohistochemistry staining Mammary glands were whole mounted and fixed in 



	
  

10% buffered formaline. Staining was performed using carmine alum. 4µm mammary gland sections 
were baked for 5 min at 80°C and placed in Xylene for de-paraffinization. Antigen retrieval was 
performed using target retrieval solution low-pH (S1699) 20-min water bath (α-milk, Accurate 
Chemical and Scientific Corp.); high-pH (S2367) 20-min water bath (α-GFP; Life Technologies). For 
immunohistochemistry, slides were quenched in 3% H2O2 prior to application of 1:12,000 α-milk, and 
protein block (Dako) 10 min prior application of 1:200 α-GFP. Secondary antibodies (Envision) were 
applied for 30 min. Visualization was achieved with diaminobenzidine (DAB+). All 
immunohistochemistry reagents were purchased from Dako Cytomation unless otherwise stated. 	
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