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Abstract

Integrin receptors connect the extracellular matrix to the cell cytoskeleton to provide essential
forces and signals. To examine the contributions of the $1 integrin cytoplasmic tail to adhesive
forces, we generated cell lines expressing wild-type and tail mutant p1 integrins in p1-null
fibroblasts. Deletion of B1 significantly reduced cell spreading, focal adhesion assembly, and
adhesive forces, and expression of hp1 integrin in these cells restored adhesive functions. Cells
expressing a truncated tail mutant had impaired spreading, fewer and smaller focal adhesions,
reduced integrin binding to fibronectin, and lower adhesion strength and traction forces compared
to hpl-expressing cells. All these metrics were equivalent to those for f1-null cells, demonstrating
that the p1 tail is essential to these adhesive functions. Expression of the constitutively-active
D759A hB1 mutant restored many of these adhesive functions in p1-null cells, although with
important differences when compared to wild-type f1. Even though there were no differences in
integrin-fibronectin binding and adhesion strength between hp1- and hp1-D759A-expressing cells,
hB1-D759A-expressing cells assembled more but smaller adhesions than hp1-expressing cells.
Importantly, hf1-D759A-expressing cells generated lower traction forces compared to hp1-
expressing cells. These differences between hp1- and hp1-D759A-expressing cells suggest that
regulation of integrin activation is important for fine-tuning cell spreading, focal adhesion
assembly, and traction force generation.

Introduction

Cell adhesion to extracellular matrices (ECMs) is central to tissue organization,
maintenance, repair and pathogenesis by providing forces and signals that direct cell
survival, migration, cell cycle progression, and differentiation (1-3). Heterodimeric (af)

integrin transmembrane receptors constitute the principal mechanism of cell-ECM adhesion

(1). The B1 integrin subfamily binds to fibronectin (FN), collagens, and laminins, and
genetic deletion of the B1 subunit results in early embryonic lethality (4, 5). Both a and
integrin subunits form the extracellular domain that conveys ECM ligand binding and
specificity, whereas binding sites in the  integrin tail mediate interactions with numerous
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cytoskeletal components and regulate adhesive functions (6-8). For example, two conserved
NPxY motifs bind talin, kindlin, and other cytoskeletal adapters required for integrin
activation and localization to focal adhesion (FA) complexes (9-14).

Early work demonstrated that binding sites in the integrin 1 tail mediate interactions with
structural cytoskeletal components that regulate diverse adhesive functions. The p1 tail is
required for integrin localization to FAs (15). COOH-terminal truncation of B1 eliminating
the distal NPxY motif disrupted its ability to mediate cell spreading, and a more proximal
truncation (5 amino acids) also disrupted talin binding (16). A truncation of only five amino
acids from the COOH-terminal end of the p1 cytoplasmic domain abrogated the ability of
the integrin to activate tyrosine phosphorylation (17). Using site directed mutagenesis,
Horwitz et al. identified three clusters of amino acids, including the two NPxY motifs,
within the B1 subunit tail that regulate integrin localization to FAs (18). These regions are
well-conserved among different 3 subunits and across species (1). In addition, D759 in the
membrane proximal p1 tail forms a salt bridge with a conserved arginine in the a subunit to
stabilize a default inactive conformation of the receptor (19), and mutation of this residue
(D759A) results in high affinity, ligand binding integrin (9). More recent work has
established a critical role for the NPxY motifs in diverse cellular functions in development
and tumorigenesis (9, 12, 20-22). Interestingly, mutations of tyrosines to alanine in NPxY
resulted in developmental defects, whereas mutation of these amino acids to phenylalanine
(to prevent phosphorylation) or the D759A mutation had no deleterious effects. These
studies establish important roles for 1 tail residues in integrin activation, FA assembly and
cellular functions. However, it is not clear the extent to which the B1 tail contributes to
adhesive force generation. In this study, we analyzed the contributions of the integrin 1 tail
to adhesive forces. Stable cell lines expressing wild-type and mutant human 1 integrins in
B1-null fibroblasts were generated. We demonstrate that the B1 tail differentially regulates
adhesion strength and traction forces.

Materials and Methods

Antibodies and reagents

PE-Cy7-conjugated anti-mouse 1 (25-0291-82) was obtained from eBioscience. FITC-
labeled anti-integrin B3 (ab36437) and rat anti-mouse av (ab64639) antibodies, as well as
isotype controls (rat IgM (ab35774), rat 1gG (ab18446, ab37368), goat 1gG (ab37377) and
hamster IgG (ab32662)) were purchased from Abcam. APC-conjugated anti-human p1
(559883), anti-mouse integrin al (555000), anti-mouse integrin a2 (557017), and anti-
mouse integrin a4 (553p14) were purchased from BD Pharmingen, and polyclonal anti-
mouse integrin a3 (FAB2787P) was purchased from R&D systems. Anti-mouse integrin a5
(sc-19668) was purchased from Santa Cruz Biotechnology. Isotype control APC-conjugated
mouse 1gG (554681) and PE/Cy7 Armenian hamster 1gG (#25-4888-81) were purchased
from BD Pharmingen and eBioscience, respectively. Blocking antibodies against mouse 1
(555002) and mouse B3 (553343) and isotype controls (553958, 553968) were from BD
Pharmingen, whereas the blocking antibody against human 1 (MAB2253Z) was purchased
from Millipore. For immunostaining, antibodies against f1 (MAB1952, Chemicon), vinculin
(hVIN-1, Sigma), phosphoY 397 FAK (ab39976, Abcam), vimentin (ab45939, Abcam), and
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cytokeratin (ab9026, Abcam) were used. AlexaFluor488-conjugated antibodies against
mouse, rat and rabbit IgG were obtained from Invitrogen, and PE-conjugated goat anti-
Armenian hamster IgG (sc-3733) was from Santa Cruz Biotechnology. AlexaFluor555-
conjugated phalloidin (A34055) and the Live/Dead kit (L3224) was from Invitrogen.
Magnetic anti-Cy7 microbeads (130-091-652) were from Miltenyi Biotec. All other reagents
were from Sigma.

Integrin h@1 plasmids and retrovirus production

The human B1 integrin sequence (plasmid 16042, Addgene) was cloned into a gateway
PENTR/DEST plasmid (Invitrogen) using primers (forward primer 5’-
CAACATGAATTTACAACCAATTTTCT-3’, reverse primer 5’-
TCATTTTCCCTCATACTTCGGATT-3’). The hp1 sequence was ligated to a retroviral
pMSCV-puro gateway vector using a Gateway LR Clonase Il reaction. Mutations were
produced using the QuikChange Il Site Directed Mutagenesis kit (Promega). All plasmids
were sequenced and verified.

Retrovirus was produced by transient transfection of helper virus-free Phoenix amphotropic
producer cells (23) with wild-type or mutant hB1 DNA plasmids. Phoenix cells were
transfected using a Nucleofector 11 (Amaxa). For each sample, 106 cells were resuspended in
100 pL of nucleofector solution MEF 2 with 2 ug of DNA plasmid and transfected using
program Q-01. Retroviral supernatants were collected and stored at —80°C.

Dermal fibroblast isolation

All protocols were approved by the Institutional Animal Care and Use Committee in
adherence to federal guidelines for animal care. p1-floxed (B6;129-Itgh1tm1Efu/J, itgp1fl/fl)
and control B6129SF2/J mice were obtained from Jackson Laboratories. Mice (7-10 weeks
old mice) were euthanized, the dorsa were shaved and cleaned with ethanol, and full-
thickness skin tissue was harvested. Skin sections were incubated in 0.25% trypsin for 20
min at 37°C in order to strip off the skin at dermal-epidermal junction. The epidermis was
mechanically separated from the dermis and cut into small pieces. Strips of dermis were
washed, diced and incubated for 15 min at 37°C in 0.3% collagenase (type I, Worthington).
The resulting cell suspension was filtered through 100 um cell strainers, and cells were
washed with ice-cold DMEM, 20% fetal bovine serum (FBS), and 1% penicillin/
streptomycin (P/S). After centrifugation at 1300 rpm for 10 min, cells were re-suspended in
high glucose DMEM with 10% FBS and 1% P/S. Cells were counted and plated at a density
of 4000 cells/cm? and passaged using standard methods.

B1-null and hpl-expressing cell lines

B1-floxed cells were transduced with Ad5CMV-Cre-GFP virus (Vector Development Lab)
at a MOI 400 and after a week of culture, B1-null cells were purified by negative selection
using a Miltenyi Biotec sorting kit and anti-Cy7 microbeads. To generate cells expressing
human B1 integrins, B1-null cells were transduced with retrovirus encoding for h1 variants
as described previously (23). Cells were plated on tissue culture polystyrene at 2 x 104
cells/cm? 24 h prior to retroviral transduction. Cells were transduced with 0.2 mL/cm? of
retroviral supernatant supplemented with 4 ug/mL hexadimethrine bromide and 10% fetal
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bovine serum, and centrifuged at 12009 for 30 min in Beckman model GS-6R centrifuge
with a swinging bucket rotor. Retroviral supernatant was replaced with growth media
(DMEM, 10% FBS, 1%P/S). Five days after transduction, cells were switched to puromycin
(2.5 pg/cm?)-supplemented growth media and maintained under selective pressure during
culture and expansion.

Cell plating on micropatterned FN substrates

Micropatterned substrates were generated by microcontact printing of self-assembled
monolayers of alkanethiols on gold (24) using a PDMS stamp (Sylgard 184/186 elastomer
kit). Arrays of methyl-terminated alkanethiol (HS-(CH5)11-CHs; Sigma) islands (10 um
diameter circles, 75 pm center to center spacing) were stamped onto gold-coated glass
coverslips. The remaining exposed areas were functionalized with tri(ethylene glycol)-
terminated alkanethiol (HS-(CH5)11-(CH»,CH»0)3-OH; ProChimia Surfaces) to generate a
cell adhesive-resistant background. Patterned substrates were coated with human plasma FN
(25 pg/mL), blocked with 1% heat-denatured bovine serum albumin, incubated in PBS
(CaZ*/Mg?*). Cells were seeded at 40,000 cells/cm? in serum-containing media.

For antibody blocking studies, cells were resuspended in appropriate blocking antibody or
isotype control for 30 min with gentle rocking. Cells were seeded on FN-coated
micropatterned substrates for 15 min prior to washing three times with PBS. Adherent cells
were counted using ImageJ.

Cell adhesion strength

Cell adhesion to FN-coated islands was measured using a hydrodynamic spinning disk
system (24, 25). Cells were cultured overnight on coverslips with FN-coated islands in
serum-containing media. Micropatterned substrates with adherent cells then were spun in
PBS supplemented with 2 mM dextrose for 5 min at constant speed. The applied shear stress
(v) is given by the formula © = 0.8r(ppw3)Y/2, where r is the radial position and p, p and o are
the fluid density, viscosity and rotational speed respectively. After spinning, cells were fixed
in 3.7% formaldehyde, permeabilized in 1% Triton X-100, stained with ethidium
homodimer-1. Adherent cells were counted at specific radial positions using a 10X objective
lens in a Nikon TE300 microscope equipped with a Ludl motorized stage, Spot-RT camera
and Image-Pro analysis system. A total of 61 fields (80-100 cells per field before spinning)
were analyzed and cell counts were normalized to the number of cell counts at the center of
the disk. The fraction of adherent cells (f) as a function of shear stress <t (force/area) was
then fitted to a sigmoid curve f = 1/(1 + exp b[t - t50]), where 15 is the shear stress for 50%
detachment and b is the inflection slope, using in-house macros in MATLAB. s represents
the mean adhesion strength for the cell population. More than 8 samples were analyzed for
each condition.

Integrin binding and focal adhesion assembly

Integrin binding was quantified via a cross-linking/extraction procedure (26, 27). Cells were
cultured overnight on coverslips with FN-coated islands in serum-containing media. After
rinsing cultures three times with PBS, DTSSP (1.0 mM in cold PBS + 2 mM dextrose) was
incubated for 30 minutes to cross-link integrins bound to FN. The cross-linking reaction was
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quenched by addition of Tris (50 mM in PBS) for 15 minutes. Uncross-linked cellular
components were then extracted in 0.1% SDS containing 10 pg/mL leupeptin, 10 ug/mL
aprotinin and 350 pg/mL PMSF. Cross-linked integrins to their bound ligands were
visualized by immunostaining with p1 integrin-specific antibodies and analyzed using
ImageJ. More than 20 cells were analyzed for each condition.

For staining of FAs, cells cultured overnight on FN-coated surfaces were rinsed and
permeabilized in cytoskeleton-stabilizing buffer (0.5% Triton X-100, 10 mM PIPES buffer,
50 mM NaCl, 150 mM sucrose, 3mM MgCl,, 1 mM PMSF, 1 ug/mL leupeptin, 1 pg/mL
aprotinin, 1 ug/mL pepstatin) for 10 min, fixed in 3.7% formaldehyde for 5 min, blocked in
5% goat serum, and incubated with primary antibodies against FA components followed by
AlexaFluor-labeled secondary antibodies. Images were captured using a Nikon Eclipse E400
equipped with a 60X APO (1.4 NA) TIRF objective and Spot RT Camera. FAs were
quantified using ImageJ and custom image analysis macros.

Traction force

Microfabricated postarray deflection device (mPAD) silicon masters were prepared as
previously described (28). Elastomeric micropost arrays were then fabricated using PDMS
replica molding. Briefly, PDMS prepolymer was cast on top of mPAD silicon masters, cured
at 110°C for 1 h, peeled off and oxidized with oxygen plasma (Plasma-Preen 11-862, Terra
Universal). Immediately following oxidization, molds were then silanized with
(tridecafluoro-1,1,2,2-tetrahydroocytl)-1-trichlorosilane vapor overnight under vacuum.
Following silanization, PDMS prepolymer was cast over the template and stamped onto 1.5
thickness 25-mm diameter coverslips, degassed under vacuum and cured at 110°C for 24 h.
Collapsed posts were recovered by sonicating in ethanol for 5 min followed by supercritical
drying in liquid CO5 using a critical point dryer (Samdri-PVT-3D, Tousimis).

Flat PDMS stamps were generated by casting PDMS prepolymer on silanized silicon wafers
and curing for 1 h. Stamps were coated in 50 pg/mL FN for 1 h. These stamps were then
washed in distilled water and dried with N, gas. FN-coated stamps were placed in contact
with plasma-treated mPAD substrates for 5 minutes to allow FN transfer to the mPAD
device posts. mPAD substrates were labeled with 2.5 pg/mL of A%-Dil (Invitrogen) in
distilled water for 1 h. Substrates were then transferred to a solution of 0.1% Pluronics F127
for 30 min to prevent non-specific protein absorption. Cells were seeded in growth medium
and allowed to attach and spread overnight.

Following overnight incubation, mPAD substrates were transferred to a coverslip holder and
placed in a stage top incubator maintained at 37°C, 90% humidity and 5% CO,, (Live Cell,
Pathology Devices). Confocal images were taken with a Nikon C2 module connected to a
Nikon Eclipse Ti inverted microscope with a high magnification objective (60X
Apochromat TIRF, NA 1.49, Nikon). Bottoms and tops of posts were imaged using a 561-
nm laser and deflections between the two regions of the posts were measured. Resulting

5 37rED4>

forces for each post, F, were calculated using Euler-Bernoulli beam theory, F:764L3 ,
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where E, D, L and & are the Young’s modulus, post diameter, post height and post deflection
respectively. More than 25 cells were analyzed for each condition.

Statistical analyses

Results

Statistical analyses were performed using GraphPad Prism 6.0. For normally distributed data
with equal variances, one-way ANOVA with Tukey’s multiple comparison test was used
and results are displayed as mean + standard error of the mean. For data that did not satisfy
the requirements for ANOVA, non-parametric Kruskal-Wallis tests with Dunn’s multiple
comparison tests were used and results are displayed using box-whisker plots. A p-value <
0.05 was considered significant. Non-linear regression analyses were also performed in
GraphPad Prism 6.0.

Engineered cells provide a suitable system to analyze the function of target integrins in
the absence of endogenous integrins

We generated stable cell lines expressing wild-type and mutant human 1 integrins in p1-
null fibroblasts. A major advantage of this system is the lack of endogenous, wild-type
murine B1 (mP1) integrins that could confound interpretation of the data. Dermal fibroblasts
from B1-floxed mice (carrying the murine ItgB1 gene flanked by loxP sites (29)) were
isolated by enzymatic digestion. Immunostaining for vimentin and cytokeratin confirmed a
high purity population of fibroblasts without appreciable keratinocyte contamination (Fig.
S1). These cells (flox) were transduced with adenovirus encoding for Cre-GFP to delete the
ItgB1 gene. After a week in culture, B1-null cells were purified by negative selection using
magnetic beads coated with antibodies against mp1. Flow cytometry analyses showed that
>98% of the cells lacked mf1 integrin expression (Fig. 1A). Additionally, expression of
murine al, a2, and a5 subunits was also reduced whereas expression of av integrin
remained unchanged (Fig. S2).

B1-null cells were then transduced with retrovirus encoding for human B1A (hp1) integrin
and puromycin resistance. A stable polyclonal population of hp1-expressing cells was
established following culture in the presence of puromycin. Flow cytometry analyses
showed high levels of hB1 integrin expression in the absence of mp1 (Fig. 1A). Expression
levels for hp1 integrin were comparable to expression levels of mp1 in floxed cells and
control cells (WT) isolated from wild-type mice. Furthermore, expression of hB1 resulted in
expression of al and a5 integrin subunits (Fig. S2), suggesting expression of integrin
heterodimers. The expressed hp1 is functional as adhesion to FN was completely blocked by
antibodies against hp1 (p<0.01), whereas antibodies against mp1 had no effect (Fig. 1B).
Integrin B3 provided residual adhesion to FN in these cells as anti-f3 antibodies reduced
adhesion by 20% but this was not statistically significant. Importantly, the strong
dependence of adhesion on B1 integrin for hp1-expressing cells is consistent with results for
control WT and floxed cells. As expected, adhesion of f1-null cells to FN was completely
blocked by antibodies against integrin 3 (p<0.01), whereas antibodies against mp1 had no
effect (Fig. 1B).
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hp1-expressing cells spread on FN to the same extent as control floxed cells, whereas the
average spread area of B1-null cells was approximately 25% lower (p<0.01) (Fig. 1C). hp31-
expressing cells assembled robust vinculin-containing FAs and actin stress fibers and
phosphorylated FAK localized to FAs (Fig. 1D), similar to results for floxed cells. These
results demonstrate that the expressed hf1 integrin is functional and these engineered cells
recapitulate many of the adhesive characteristics of control floxed and WT cells that express
endogenous mp1.

As a final validation, we measured the adhesion strength to FN of these stable lines using
our spinning disk device that applies hydrodynamic detachment forces. The adhesion
strength is the force required to detach cells from the FN-coated surface and provides a
sensitive measure of adhesive function (24). Because cell spreading alters adhesion strength,
cells were cultured on micropatterned FN islands to control cell shape and adhesive area.
For the spinning disk assay, a coverslip containing adherent cells is exposed to a gradient of
hydrodynamic forces with detachment forces increasing linearly with distance from the
center of the coverslip. After spinning, cells are counted at radial positions of known applied
force. Fig. 2A presents typical detachment profiles showing sigmoidal decreases in the
number of adherent cells with increasing shear stress. The rightward shift in the adhesion
profile for the floxed cells compared to the B1-null cells indicates higher adhesive forces.
The shear stress for 50% detachment, which represents the mean adhesion strength, was
measured for the cell lines (Fig. 2B). Deletion of B1 integrin resulted in a 50% decrease in
adhesion strength to FN compared with floxed and WT cells (p<0.001). The residual
adhesion in f1-null cells is attributed to f3-dependent adhesion (Fig. 1). Importantly,
expression of h1 in null cells rescued the deficits in adhesion strength and restored
adhesion strength to the levels of floxed and WT cells. Taken together, these results
demonstrate that deletion of B1 integrin significantly reduces cell spreading and adhesion
strength to FN and expression of hp1 integrin in these cells restores adhesive functions,
including adhesion strength, to the levels of control cells.

The B1 tail regulates cell spreading, morphology and FA assembly

We developed stable lines for 1-null cells expressing integrin mutants following the
strategy outlined above (Fig. 3A). A cell line expressing a truncation mutant at position 760
(hp1-tr) was generated. This mutant severely reduces integrin recruitment and FA assembly
(30). We note that a stable cell line expressing the truncation mutant at position 754
previously described (p1) could not be established as these cells did not grow. We also
generated a stable cell line expressing the D759A mutant (h31-D759A); this mutant results
in constitutively active B1 integrin (9, 19). Flow cytometry analysis showed that expression
levels for these mutants were comparable to levels in the cell line expressing wild-type hp1
and approximately 15-fold higher than levels in the B1-null cell (p<0.001) (Fig. 3B).
Antibodies against hp1 integrin completely blocked adhesion to FN for h31- and hp1-
D759A-expressing cells (p<0.01), whereas antibodies against mp1 or mp3 had no effect
(Fig. 3C). Adhesion of 1-null cells to FN was completely mediated by mp33 integrin
(p<0.01), whereas mB3 integrin partially contributed to the adhesion of hp1-tr-expressing
cells to FN (p<0.05).
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Significant differences in cell shape, spread area, and FA assembly were evident among the
cell lines cultured on FN-coated glass (Fig. 4). B1-null cells spread to compact shapes with
high circularity and exhibited well-defined actin stress fibers terminating at vinculin-
containing FAs. h1-expressing cells had larger spread areas (p<0.001) and were elongated
with long projections that contained large, well-defined FAs. Cells expressing the truncated
B1 mutant spread more than f1-null cells (p<0.001) but to similar levels as hp1-expressing
cells. hpl-tr-expressing cells had fewer and smaller FAs and less defined stress fibers than
hpB1-expressing cells (p<0.01). Cells expressing the constitutively active D759A mutant
exhibited the highest spread area and were more circular than hf1-expressing cells (p<0.01).
Interestingly, hp1-D759A-expressing cells had a higher number of vinculin-containing FAs
compared with hpl-expressing cells (p<0.001), but the FAs were significantly smaller
although the total focal adhesion areas were equivalent. These results demonstrate that the
B1 integrin tail regulates cell spreading and shape as well as the number and size of FAs. In
addition, the differences between hpl- and hp1-D759A-expressing cells indicate that
regulation of integrin activation contributes to cell spreading, morphology and FA assembly.

The B1 integrin tail is essential for 1 integrin-FN binding and adhesion strength

We next quantified binding of these integrin tail mutants to FN using a cross-linking and
detergent extraction method to selectively retain integrin-FN complexes in cells adhering to
micropatterned FN islands (24, 32). Fig. 5A presents images of immunostained 1 integrin
for single cells adhering to 10 um-diameter FN islands. Fig. 5B presents frequency maps for
integrin binding generated by stacking and color coding multiple images; this analysis
exploits the spatial arrangement of the FN islands to extract the dominant spatial localization
of FN-bound integrins across multiple cells (33). Fig. 5C and D plot the fraction of the
adhesive area occupied by integrin-FN complexes and the mean intensity of integrin staining
over the micropatterned area, respectively. B1-null cells had very low levels of bound 1
integrins, consistent with the antibody-blocking results (Fig. 1B). hp1-expressing cells
exhibited punctate integrin-FN clusters localized to the periphery of the FN island that
occupied 8-fold higher area (p<0.001) and had 2-fold higher mean intensity (p<0.01)
compared with B1-null cells. Cells expressing the truncated tail mutant had low levels of
integrin-FN complexes equivalent to 1-null cells. This result shows that the 1 tail is
essential for the formation of stable integrin-FN complexes. Cells expressing the D759A
mutant formed robust integrin-FN complexes localized to the periphery of the FN island,
and there were no differences in area occupied or mean intensity between h1 and hp1-
D759A.

We next analyzed the adhesion strength of these cell lines to FN micropatterned islands (Fig.
6). The adhesion strength of hp1 was approximately 2.3-fold higher than B1-null cells
(p<0.001). hp1-tr-expressing cells had low levels of adhesion strength to FN, equivalent
levels as B1-null cells. Adhesion strength for the D759A mutant was not different from wild-
type hp1 but was significantly higher from the null control and truncated tail mutant
(p<0.001). The differences in adhesion strength among the integrin mutants are consistent
with the differences in integrin-FN complex formation. We expect a significant contribution
of endogenous B3 integrin to the adhesion strength of B1-null and hp1-tr-expressing cells to
FN as antibodies against this integrin subunit significantly reduced adhesion to FN (Fig.
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3B). In contrast, adhesion of hp1- and hp1-D759A-expressing cells to FN was completely
mediated by integrin p1 (p<0.01) (Fig. 3B). Taken together, these results demonstrate that
the B1 tail is essential for adhesion strength to FN and the D759A mutation has no effect on
integrin-FN complexes or adhesion strength for cells on micropatterned FN islands.

Contributions of the B1 integrin tail to traction forces

We used microfabricated post array deflection devices (mPADs) to measure traction forces
generated by cells expressing these integrins. In this system, traction forces generated by
adhering cells deflect the tips of the posts in the array; these deflections can then be used to
determine the traction forces because the elastic modulus and geometry of the posts are
defined (28, 32). During overnight culture on these devices, all cell lines attached to, spread
on the posts, and generated traction forces. Fig. 7A presents images for FN-coated posts
(red) with the cell outlined in yellow. Post deflections were measured and converted into
traction forces, and Fig. 7B presents the traction force vectors (cyan). On these deformable
substrates, hp1-expressing cells spread considerably more than the other cell lines (p<0.01)
(Fig. 7C). hp1-D759A-expressing cells spread to the same extent as f1-null and hp1-
truncated-expressing cells. This result contrasts with our observations for cell spreading on
glass (Fig. 4) and may be due to the difference in stiffness between glass and the mPADs.
The magnitude of traction forces varied significantly across a single cell, with the highest
forces at the cell periphery. Fig. 7D presents box-whisker plots for the total traction force
per cell, which represents the sum of the magnitudes of the force vectors for each cell. hp1-
expressing cells exerted 3.7-fold higher traction forces compared to f1-null cells (p<0.001).
Cells expressing the integrin mutant with a truncated tail generated equivalent traction
forces as p1-null cells. This result shows that the B1 tail is essential for traction forces on
FN. Surprisingly, cells expressing the constitutively activated D759A mutant exerted higher
forces than the p1-null cells (p<0.01), but the levels were only 33% of the total traction force
generated by the hp1-expressing cells.

Because there are significant differences in cell spreading and total traction force among the
cell lines, we also evaluated the traction force per post (Fig. 7E). Similar to the
measurements for total traction force, hp1-expressing cells generated significantly higher
traction force per post compared with 31-null and hp1-tr-expressing cells (p<0.001). There
was no difference in traction force per post between B1-null and hp1-tr-expressing cells,
confirming our conclusion from the total traction force analysis. Cells expressing the hf31-
D759A mutant generated higher traction forces per post than f1-null and hp1-tr-expressing
cells (p<0.001), but these forces were approximately 40% lower than forces exerted by hf31-
expressing cells (p<0.01).

Finally, we examined the relationship between cell area and traction force because we
previously showed that cell area-traction force coupling represents a robust metric to
analyze the role of FA components on force transfer (32). Fig. S3 plots cell area and the
corresponding traction force for individual cells. Linear regression analyses revealed a
strong correlation between cell area and traction force for each cell line (p<0.0001). There
was no difference in regression slope among cell lines, indicating that the integrin p1 tail
does not alter cell area-traction force coupling. Taken together, these results demonstrate
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that the p1 tail is required for the generation of traction forces and D759 is important for
high traction force generation.

Discussion

In this study, we generated stable cell lines expressing wild-type and tail mutant f1 integrins
in B1-null fibroblasts to analyze the contributions of the 1 tail to adhesive forces. A major
advantage of this system is the lack of endogenous, wild-type murine p1 integrins that could
confound interpretation of the data. Deletion of B1 integrin significantly reduced cell
spreading, focal adhesion assembly, and adhesive forces, and expression of hp1 integrin in
these cells restored adhesive functions to the levels of control wild-type and floxed cells.
Cells expressing the truncated tail mutant had impaired spreading, fewer and smaller FAs,
reduced integrin binding to FN, and significantly lower adhesion strength and traction forces
compared to hpl-expressing cells. All these metrics were equivalent to those for f1-null
cells, demonstrating that the 1 tail is essential to these adhesive functions. Expression of the
constitutively-active D759A mutant restored many of these adhesive functions in 1-null
cells, although with important differences when compared to wild-type 1. Even though
there were no differences in integrin-FN binding and adhesion strength to FN between hp1-
and h1-D759A-expressing cells, hB1-D759A-expressing cells assembled more but smaller
FAs and the spread area and shape were different from hp1-expressing cells. Importantly,
hB1-D759A-expressing cells generated considerably lower traction forces compared to hp1-
expressing cells.

Previous studies have established that truncations at different locations along the p1 tail
impair cell spreading, integrin recruitment to FAs, FA assembly, and signaling (16, 18, 30,
34). Our results confirm the critical importance of the B1 tail domain to these adhesive
functions. Furthermore, we demonstrate that the B1 tail is essential for integrin-FN binding
and the transmission of adhesive forces related to adhesion strength and traction force. Our
previous analyses of adhesion strength to FN indicated that binding of 1 integrin to FN in
the absence of FA assembly provided the major contribution to adhesion strength (24).
Based on this result, we expected that the truncated p1 mutant would provide partial
adhesion strength. However, the lack of any adhesion strength for this mutant can be
explained by the abrogation of 1 integrin binding to FN in this mutant.

The effects of the D759A mutation on adhesive functions are not well understood and
appear to be cell context-dependent. Expression of this mutant in f1-deficient GD25
fibroblastic cells results in a constitutively active B1 integrin with high binding affinity for
FN, increased cell adhesion and motility, and more numerous and larger FAs (9, 35). In
contrast, mice carrying the D759A mutation had no overt phenotype, and keratinocytes
isolated from these mice exhibit normal integrin activation levels, adhesion and migration
(12). In the present study, we observed significant reductions in spread area and traction
forces on deformable substrates for h31-D759A-expressing cells compared to hf31-
expressing cells, indicating a defect in traction force generation. This defect in traction force
generation accounts for the reduced cell spreading on the deformable substrates as there are
no differences in traction force-area coupling between hp1- and hp1-D759A-expressing
cells. Indeed, the traction force per post was reduced in h1-D759A-expressing cells
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compared to hpl-expressing cells. However, it is not clear whether the reduced traction
force arises from a defect in force transmission at the single receptor level. Alternatively, the
reduced traction force generation could be a consequence of altered receptor clustering/FA
assembly or interactions with cytoskeletal partners due to the inability of this receptor to
regulate its affinity. The smaller FAs assembled by hB1-D759A-expressing cells could
account for the reduced adhesive force (28, 33, 36). These differences between hp1- and
hp1-D759A-expressing cells suggest that regulation of integrin activation is important for
fine-tuning cell spreading, FA assembly, and traction force generation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Deletion of mB1 and expression of hp1 in cells
(A) Flow cytometry histograms (black: integrin antibody, red: isotype control) for mp1 (top)

and hp1 (bottom) in wild-type (WT), p1-floxed (flox), B1-null (null), and hp1-expressing
(hp1) cells. (B) Cell adhesion to FN in the presence of blocking antibodies. Cell counts are
normalized to counts for cells incubated in isotype control. * p<0.01 vs. isotype control. (C)
Cell spreading area on FN. * p<0.01 vs. all other cell types. (D) Immunostained images for
FA components (top) vinculin (green) and actin (red) and (bottom) phosphoY 397 FAK
(green). Scale bar, 5 pm.
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Figure 2. hP1 reconstitutes adhesion strength to FN in B1-null cells
(A) Detachment profiles showing the fraction of adherent cells (f) vs. surface shear stress ()

for B1-null and B1-floxed cells. (B) Cell adhesion strength, box-whisker plot (mean, 10th,
25th, 75th, and 90th percentile). * p<0.001 vs. all other cell types.
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types. (C) Cell adhesion to FN in the presence of blocking antibodies. Cell counts are
normalized to counts for cells incubated in isotype control. § p<0.05 vs. isotype control, *

p<0.01 vs. isotype control.

Exp Cell Res. Author manuscript; available in PMC 2016 March 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Elloumi-Hannachi et al. Page 18

A null i hpt-tr h{i1-D759A

B 80004 s C oe
6000+
o ] .
E . >
= ¥ -E
@ 40004 = .
- g
E 3 o
2 0.24
20004 é
0d— . v + 004
nutl hBT  hB14r hB1-D795A null hB1  hBl4r hB1-D795A
D *+§ E .
1200+
2504 S
‘5
g t
o
S 2004 = 9004
5 S 3
2 1504 @
3 S 6001
S 1004 §
3 ®
g & § 3004
c ~
0 -

null ng1 hB1-tr hB1-0D7854 null nhB1 hB1-tr hB1-DTE5A

Figure 4. B1 tail regulates cell spreading, morphology and FA assembly
(A) Immunostained images for vinculin (green) and actin (red). Scale bar, 10 um. (B) Cell

spread area, box-whisker plot (mean, 10th, 25th, 75th, and 90th percentile). * p<0.001 vs.
null, 8 p<0.001 vs. hp1-tr, T p<0.01 vs. hp1. (C) Cell circularity. * p<0.001 vs. null, §
p<0.001 vs. h1-tr. (D) Number of FA, box-whisker plot (mean, 10th, 25th, 75th, and 90th
percentile). * p<0.001 vs. null, § p<0.01 vs. hp1-tr, T p<0.01 vs. hB1. (E) Total FA area,
box-whisker plot (mean, 10th, 25th, 75th, and 90th percentile). * p<0.001 vs. null, §
p<0.001 vs. hp1-tr.
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Figure 5. B1 tail is required for integrin 1-FN binding on micropatterned islands
(A) Immunostained images for hp1 integrin in cell adhering FN islands. Staining is shown as

grayscale on white background to facilitate visualization. Scale bar, 2 um. (B) Frequency
maps for stacked images of immunostained hp1. (C) Fraction of FN island stained for hp1,
box-whisker plot (mean, 10th, 25th, 75th, and 90th percentile). * p<0.001 vs. null, §
p<0.001 vs. h1-tr. (D) Mean intensity of h1 staining, box-whisker plot (mean, 10th, 25th,
75th, and 90th percentile). * p<0.01 vs. null, § p<0.01 vs. hp1-tr.
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Cell adhesion strength, box-whisker plot (mean, 10th, 25th,
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Figure 7. B1 tail and traction force
(A) Cells (yellow outline) spread on mPADs (posts labeled red). Scale bar, 50 pm. (B)

Traction force vectors (cyan) with cell outline (yellow). Scale bar, 10 nN. (C) Cell spread
area, box-whisker plot (mean, 10th, 25th, 75th, and 90th percentile). * p<0.001 vs. null, §
p<0.001 vs. h1-tr, T p<0.05 vs. h31-D759A. (D) Total traction force per cell, box-whisker
plot (mean, 10th, 25th, 75th, and 90th percentile). * p<0.001 vs. null, § p<0.001 vs. hp1-tr, T
p<0.01 vs. hf1-D759A. (E) Traction force per post, box-whisker plot (mean, 10th, 25th,
75th, and 90th percentile). * p<0.001 vs. null, 8 p<0.001 vs. hp1-tr, T p<0.01 vs. hp1-
D759A.

Exp Cell Res. Author manuscript; available in PMC 2016 March 15.



