
1 
 

Supplemental Methods, References, and Figures 

  



2 
 

Supplemental Methods 

 

A. Atomic force microscopy of single collagen fibers. Mica disks were glued to microscope slides and freshly 

cleaved prior to use with a piece of tape.  A drop of collagen alignment buffer containing 150 mM KCl and 50 

mM L-glycine adjusted to pH 9.2 with KOH was then added to the mica surface and allowed to incubate for 30 

min.  Rat tail collagen was added to the droplet at a final concentration of 0.1 mg ml-1 and incubated overnight 

at room temperature.  The next day the disks were gently washed with PBS to remove unbound collagen.  

Imaging and force measurements were performed on an Asylum Research MFP-3D (Santa Barbara, CA) atomic 

force microscope.  Samples were imaged in air in non-contact AC-mode using Olympus AC160TS (k = 42 

N/m) cantilevers, and were calibrated by the thermal tune method.  The 3D image of the individual collagen 

fiber is the height with phase channel painted over the image to increase the contrast of the repeating subunits.  

Force measurements were collected at individual points along single fibers and set to a trigger force of 1.5 µN.  

 

B.  Bioinformatics Assay. We analyzed immunohistochemical (IHC) data compiled by the Human Protein Atlas 

database (1). In this database, the abundance of 15,156 proteins has been estimated in 20 panels of tumor 

samples and in 83 normal cell types. Each normal cell type was assayed once, and the number of tumor samples 

assayed for each protein ranged between one and sixty tumor samples (median 12). The abundance of each 

protein’s expression within each sample was classified as undetectable, low, moderate, or high expression 

levels.  For each protein, we determined the most common expression level observed across all samples within 

each tumor type to generate composite profiles of “typical” protein expression levels for each tumor type. We 

then matched these composite estimates to the protein abundance estimates derived from each normal cell type 

to identify the normal cell type whose protein expression patterns most closely match those observed within 

each tumor class. We estimated the similarity of expression profiles as the proportion of proteins whose 

abundance was identical in both samples, and assigned the normal cell types most similar to each tumor 

composite to be the paired normal tissue used in subsequent analyses.  

 To determine how the abundance of each protein differs between the assayed tumor samples and their 

paired normal cells, we tested the proportion of samples within each cancer type in which the protein’s 

abundance was elevated relative to the level observed in the paired normal cell type. Using a defined set of 

adhesome proteins (2) and oncogenic driver proteins (3), we calculated the median proportion of tumor samples 

in which the expression of each adhesome protein was elevated, and compared these values to the distribution 

of similarly calculated medians derived from 10,000 sets of n randomly selected proteins, where n is the number 

of proteins assigned to the adhesome. We defined empirical P-values for each tumor type quantifying the 

evidence for a positive shift in adhesome protein expression as the proportion of permuted sets whose median 
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increase equaled or exceeded that observed within the adhesome protein set. To control for biases related to the 

expression structure of the adhesome protein set (e.g., differences in the number of highly expressed or lowly 

expressed proteins in the adhesome relative to the full distribution) we performed this analysis separately within 

the sets of genes assigned to each expression class within the normal tissue.  

 We observed variability in the evidence that the adhesome is disproportionately upregulated in the 

specific tumor types assayed, and so to summarize the overall evidence for adhesome changes across tumor 

types we directly compared the distributions of tumor-specific empirical P-values estimated above using a one-

sided Kolmogorov-Smirnov test.   

 

C. Two photon microscopy. Second harmonic imaging was performed on an upright Olympus base microscope 

controlled by MicroManager software, with a 20× (NA .95) water immersion objective. The setup included a 

mode–locked 10W MaiTi TI:Sapphire femtosecond laser (720–1050nm) and four separate channel 

simultaneous photomultiplier tubes for fluorescent detection. Paraformaldhye fixed, hydrated samples were 

exposed to polarized laser light at a wavelength of 830 nm and emitted light was separated with a filter set 

(dichroic mirror 495nm, bandpass 400/40nm, and bandpass 645/75nm). 

 

D. Cell Culture. MEC (non-malignant MCF10A and pre-malignant Ha-ras transformed MCF10AT) were 

cultured as single cells or multicellular spheroids,grown at 37oC and 5% CO2 DMEM-F12 (Invitrogen) 

supplemented with 5% donor horse serum (Invitrogen), 20 ng/ml epidermal growth factor (Peprotech), 10μg/ml 

insulin (Sigma), 0.5μg/ml hydrocortisone (Sigma), 0.1 μg/ml cholera toxin (Sigma) and 100 U/ml penicillin-

streptomycin. Fibroblasts (Vinculin homozygous null mouse embryonic fibroblasts) were cultured in DMEM 

(Invitrogen) with 10% fetal bovine serum (HyClone) and 100 U/ml penicillin-streptomycin. MCF10A vinculin 

KD and recovery cells were prepared via retroviruses encoding vinculin shRNA and vinculin-GFP as described 

in (4).  

 

E. Preperation of expression constructs. For constructing the pcDNA3.1 Vinculin T12 Tension Sensor, the C-

terminal  tail of pEGFPC1/ Gg V1-1066 T12, was amplified with PCR using a forward primer that introduced a 

5’-SacII site (5’-GGCACGGCCGCGGAGTTCCCAGAGCAGAAAGCAGGA-3’) and the reverse primer: 5’-

CAAATGTGGTATGGCTGATTATGATC-3’. The PCR fragment was then cloned in place of the C-terminal 

tail of vinculin tension sensor (Addgene # 26019, Martin Schwartz depositing scientist) using the SacII and 

EcoRI restriction sites to make pcDNA3.1 Vinculin T12 Tension Sensor.  Lentiviral construct PGK-H2BeGFP 

(Mark Mercola depositing scientist, Addgene #21210) was digested with BamHI and KpnI to remove H2B-

eGFP and the WPRE. DNA encoding mCherry-CAAX and mEmerald-CAAX was PCR amplified from 
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corresponding plasmid vectors (Living Colors Series, Clontech) from the Davidson Laboratory, Florida State 

University, using the following primers: Forward GACTGGATCCGAATTCGCTACCGGTCGCCACCATG 

and Reverse GAGCGCGGCCGCATCAGGAGAGCACACACTTGCAGCTC and the resulting products 

digested with BamHI and NotI. The WPRE was isolated from lentiviral vector  pLV MCS as a NotI-KpnI 

fragment  and ligated together with (BamHI-NotI)  mCherry-CAAX or mEmerald-CAAX  and KpnI-BamHI x 

to generate lentiviral constructs pLV hPGK mCherry-CAAX and pLV hPGK mEmerald-CAAX in which the 

farnesylated fluorescent protein is expressed from the human phosphoglycerate kinase promoter. For stable 

expression of paxillin-mEmerald, vinculin-mCherry, mCherry-Farnesyl, and mEmerald-Farnesyl recombinant 

lentivirus was prepared by transient transfection into HEK-293T cells and used to transduce MEC cells as 

previously described in (5). Stable cell lines were selected in 200 ng ml−1 G418, 380 ng ml−1 hygromycin, or 1 

ug/ml puromyacin, and sorted on a FACSAria II cell sorter (BD Biosciences) for mEmerald, mVenus or 

mCherry expression. Expression of paxillin-mEmerald or vinculin-mCherry was induced with 200 

ng/ml doxycycline in growth medium for 1 d before experimentation.  

 

F. FRET Microscopy. Imaging was performed on an inverted Ti-E Perfect Focus System (Nikon) controlled by 

NIS-Elements software (Nikon); equipped with a CSU-X1 spinning disk confocal unit, 60x-1.49NA objective, 

environmental control, controlled electronic shutters, motorized stage, and a charge-coupled device camera 

(Clara; Andor). For measurement of FRET efficiency, the acceptor photobleaching method pbFRET was 

implemented with live cells on the spinning disk confocal. mTFP1 was first imaged with 454 nm excitation and 

a 480/20 emission filter, mVenus was subsequently bleached using a 200 mW 515 nm laser for 10 seconds, and 

mTFP1 was imaged again following bleaching of mVenus.  Microscope Z-focus was maintained during image 

acquisition using the Ti-E Perfect Focus System. Background images were constructed by imaging 10 unique 

cell-free regions on the coverslip and averaging the intensity at each pixel. The FRET efficiency was calculated 

on a pixel-by-pixel basis according to: 

FRET Efficiency (%) =  1     100% 

where Ipre is the mTFP1 intensity prior to bleaching mVenus, Bpre is the mTFP1-channel background intensity 

prior to bleaching mVenus, Ipost is the mTFP1 intensity after bleaching mVenus, and Bpost is the mTFP1-

channel background intensity after bleaching mVenus.  Appropriate controls were implemented to account for 

inadvertent mTFP1 photobleaching and incomplete mVenus photobleaching (data not shown).  

 

G. Scanning Angle Interference Microscopy. Imaging was performed on an inverted Ti-E Perfect Focus System 

(Nikon) controlled by Metamorph software; equipped with 488nm and 561nm, a motorized laser Ti-TIRF-E 

unit, environmental control, 100x-1.49NA TIRF objective, controlled electronic shutters, motorized stage, and 
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an electron-multiplying charged-coupled device camera (QuantEM 512; Photometrics). A linear glass 

polarizing filter (Edmunds Optics #NT47-316) was placed in the excitation laser path to polarize the light 

perpendicular to the plane of incidence along which the excitation laser light emanates from the objective.  A 

sequence of 98 epi-fluorescence images of each sample was obtained by scanning through laser incidence 

angles below the critical angle from -48 degrees to +48 degrees in one degree increments along the plane of 

incidence, as described previously in (6). The detected pattern of intensity variation at a given pixel in the 

sample image sequence was fit according to: 

 1   

Here the scaling parameter A accounts for variation in detected intensity due to factors including mean 

excitation laser intensity, fluorophore density, fluorophore photo-physics, self-interference of emitted photons, 

and efficiency of emitted photon detection.  The offset parameter B accounts for background fluorescence in the 

sample images.   Parameters A, B, and H were fit through constrained nonlinear least-squares optimization 

using Trust Region algorithms (Math Kernel Library; Intel).  Fitted data whose R-squared value was above a 

maximum defined level or whose scaling parameter was below a defined minimum were excluded from further 

analysis. Image analysis was conducted on a pixel-by-pixel basis for height reconstruction of SAIM image 

sequences. Multi-threaded software was written in C++, compiled for the Linux operating system, and run on an 

8-core Dell Precision Workstation with 8 GB of RAM. 
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Supplemental Figure Legends 

 

Supplemental Figure One – ECM cues, malignant transformation, and integrin signaling, promote cell 

spreading and invasion. A. 5 day pre-malignant MCF10AT spheroids in 0.5, 1.0, 2.0 or 3.0 mg/ml (0.5 kPa, 1.0 

kPa, 1.5 kPa, 2.5 kPa) 3D collagen gels for 24hrs. Invasion from these spheroids into the surrounding gel is 

increased by matrix stiffness up to 1.5 kPa; and impaired at 2.5 kPa B. Pre-malignant MEC spheroids in 1.5 kPa 

and 2.5 kPa 3D SAP gels for 24 hours. Spheroids are invasive in 1.5 kPa and 2.5 kPa SAP gels. C. Non-

malignant MEC expressing vinculin-GFP in 3D SAP gels with controlled ECM fibronectin concentration, at 3 

digital magnifications. Images are maximum intensity z-projection of 1.0um confocal image planes. Cell 

projections and adhesions were significantly upregulated by fibronectin concentration. D. Single non-malignant 

MEC in 1.5 kPa and 2.5 kPa 3D collagen gels for 24hrs. MEC cellular projections are increased with stiffness. 

Quantification of projections was performed on a single cell basis (p < .05; ±SD, n>15 cells per conditions). E. 

Non-malignant MEC expressing vinculin-WT or vinculin-T12 TFP1-mVenus tension sensors on 2D 

polyacrylamide (PA) gels of varying stiffness coated with fibronectin, with quantification of cell projections 

and relative spread area. Vinculin T12 expression significantly increases cell spreading and projections on soft 

matrices as compared to vinculin WT expressing MECs (p < .05; ±SD, n>19 cells per condition). 

 

Supplemental Figure Two – MECs remodel 3D collagen gels for cell invasion. Individual collagen fibers are 

stiff and >500nm in diameter. A. MEC spheroids composed of MCF10A cells in 0.5 kPa or 1.5 kPa 3D collagen 

gels for 48hrs. Collagen fibers are imaged via two-photon second harmonic generation (SHG) and cells are 

stained with propridium iodide. Collagen fibrils bundling is induced by Ha-Ras malignant transformation 

(MCF10AT cell line), but not inhibited by FAK inhibition. Invasion is increased by matrix stiffness and 

malignant transformation, and decreased via inhibition of integrin mediated FAK signaling (FAK Inhibitor 14 at 

1μM). In stiff 3D gels, untreated malignant MEC spheroids invade both collectively and as single cells into the 

matrix along collagen fibrils. B. Atomic force microscopy images (non-contact mode) of rat tail collagen fibers 

aligned on a mica surface. C. Atomic force microscopy mechanical measurements of individual rat tail collagen 

fiber imaged in B. Compression measurements shown here were collected at individual points along a single 

fiber at a trigger point of 1.5 μm.  

 

Supplemental Figure Three –Vinculin nanoscale localization reflects altered molecular activity. A. SAIM 

measurements of vinculin in the ventral surface of non-malignant MECs on 2D glass with or without the 

removal of the dorsal membrane and cytoplasmic vinculin. Vinculin T12 is localized 5-10nm beneath vinculin 

WT with or without the cytoplasmic vinculin fraction, indicating vinculin T12 is simultaneously engaged with 
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talin and actin, while vinculin WT has both talin-actin and actin only interactions.(6). Mean and standard 

deviation are calculated from all adhesions over several cells (p < .05; ±SD, n>2000 pixels per condition). B. 

MEC on 2D glass after 25 minutes of myosin II inhibition (Blebbistatin; 25μM) or control treatment. Top: 

representative image of vinculin WT fluorescence; Bottom: axial position of vinculin via SAIM; Right: 

Vinculin axial position after Myosin II or ROCK (Y27632; 10μM) inhibition, mean and standard deviation are 

calculated from all adhesions over several cells (no significant difference between treatments).  

 

Supplemental Figure Four – Scanning angle interference microscopy – validation experiments. A. Vinculin 

null mouse fibroblasts on 2D fibronectin coated reflective glass substrates transiently expressing N-terminus 

EGFP tagged vinculin components: Amino acids 1-1066 Vinc_WT, 1-851 Vinc_Head, and 884-1066 

Vinc_Tail. Axial position was measured per pixel via SAIM, and data from all cells are included in histogram 

and boxplots (created with the BoxPlotR webtool)(7) of relative vinculin component height. There were 

significant differences between Vinc_WT, Vinc_Head and Vinc_Tail (p < .01; ±SD, n>14 cells per condition). 

B. Vinculin null mouse fibroblasts on fibronectin coated reflective substrates transiently expressing N and C-

terminus EGFP tagged vinculin. Two C-terminus clones from different sources were tested. Axial position was 

measured per pixel via SAIM, and data from all cells is included in histogram and boxplots of relative vinculin 

component height. There was a significant difference in height between N- and C-terminus tagged clones (p < 

.01; ±SD, n>9 cells per condition).   

 

Supplemental Figure Five – Vinculin is localized to cell-ECM borders in invasive breast cancer and adhesome 

proteins are upregulated across human cancers. A. Histology of normal tissue and invasive ductal carcinoma 

stained with hematoxylin (blue) and vinculin-DAB (brown) from the Human Protein Atlas (1), with grayscale 

color deconvolution of blue and brown channels to determine vinculin localization to cell-cell or cell-ECM 

borders. Color deconvolution performed as described in (8). B. Changes in integrin adhesome protein 

expression in 20 cancer types as compared to normal tissue, and quantified from pathologically-scored 

immunohistochemical data compiled by the Human Protein Atlas database. Adhesome proteins that were 

normally expressed at a low or negligible level in healthy tissues were significantly likely to be overexpressed 

in respective cancer types; and adhesome proteins normally expressed at a high level, were significantly 

unlikely to be downregulated. C.  Upregulation of oncogene and adhesome proteins as compared to expression 

in normal tissue, as quantified from Human Protein Atlas database. Oncogenes expressed at negligible or low 

levels in normal tissue were significantly upregulated in a similar manner to adhesome proteins.  


