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Abstract
Fibroblasts incubated on 3D collagen matrices in serum or lysophosphatidic acid (LPA)-
containing medium self-organize into clusters through a mechanism that requires cell contraction.
However, in platelet-derived growth factor (PDGF)-containing medium, cells migrate as
individuals and do not form clusters even though they constantly encounter each other. Here, we
present evidence that a required function of cell contraction in clustering is formation of
fibronectin fibrillar matrix. We found that in serum or LPA but not in PDGF or basal medium,
cells organized FN (both serum and cellular) into a fibrillar, detergent-insoluble matrix. Cell
clusters developed concomitant with FN matrix formation. FN fibrils accumulated beneath cells
and along the borders of cell clusters in regions of cell-matrix tension. Blocking Rho kinase or
myosin II activity prevented FN matrix assembly and cell clustering. Using siRNA silencing and
function-blocking antibodies and peptides, we found that cell clustering and FN matrix assembly
required α5β1 integrins and fibronectin. Cells were still able to exert contractile force and
compact the collagen matrix under the latter conditions, which showed that contraction was not
sufficient for cell clustering to occur. Our findings provide new insights into how procontractile
(serum/LPA) and promigratory (PDGF) growth factor environments can differentially regulate FN
matrix assembly by fibroblasts interacting with collagen matrices and thereby influence
mesenchymal cell morphogenetic behavior under physiologic circumstances such as wound repair,
morphogenesis and malignancy.
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INTRODUCTION
Mechanical interactions between cells and their extracellular environment play key roles in
diverse aspects of normal cell physiology including cell migration, proliferation, and
differentiation [1–5]. Changes in cell-matrix interactions contribute to the pathological
features associated with scarring [6–9], aging [10], and tumor progression [11–15].
Understanding the biomechanics of cell-matrix interactions has become an important goal in
the development of tissue engineering materials [16–20].
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We and others have studied interactions between diverse types of tissue cells and 3D
extracellular matrices as a biologically relevant platform to model cell behavior in tissue-
like environments [21–25]. Recently, we reported that fibroblasts incubated on collagen
matrices formed cell clusters depending on the growth factor environment. Clustering
occurred in medium containing fetal bovine serum (FBS) or lysophosphatidic acid (LPA)
[26], the latter a Rho-activating growth factor found in serum [27]. However, clustering did
not occur in basal medium lacking growth factors or in medium containing platelet-derived
growth factor (PDGF) [26].

Cell clustering also was observed to occur on soft 2D polyacrylamide gel substrates and
found to require cell contraction, which was suggested to provide a mechanism by which
cells came together on the compliant substrates [28, 29]. However, the studies all were
carried out in serum-containing medium. We suspected that cell contraction might play an
additional role besides promoting cell-cell interactions since, as mentioned above, clustering
on collagen matrices did not occur in PDGF-containing medium even though the fibroblasts
were moving and constantly encountering each other.

Fibroblasts form aggregates after culture on non-adhesive surfaces or in hanging drops and
subsequently undergo a compaction process that requires fibronectin (FN) and integrin FN
receptors [30–33]. Also, FN-null mouse embryo fibroblasts, which are unable to spread on
collagen matrices, can utilize exogenously added FN to form a fibrillar FN matrix on the
surface of the collagen matrix, and cells interacting with the FN matrix spread and
proliferate [34]. Since FN fibrillar matrix formation in routine 2D cell culture requires Rho
kinase and myosin II-dependent cell contraction [35, 36], we tested the possibility that in
addition to bringing cells together, the function of cell contraction in fibroblast cluster
formation on 3D collagen matrices was to organize FN into a fibrillar matrix that became a
scaffold for clustering.

MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle’s medium (DMEM), CO2-independent DMEM, Opti-MEM,
0.25% Trypsin-EDTA, and antibiotic-antimycotic solutions were purchased from GIBCO
(Grand Island, NY). Type collagen I (rat tail, high concentration) was obtained from BD
Biosciences (Bedford, MA). FBS was obtained from Atlanta Biologicals (Lawrenceville,
GA). Human plasma fibronectin (FN) was obtained from the New York Blood Center (New
York, NY). BSA (fatty acid-free), lysophosphatidic acid (LPA), blebbstatin and monoclonal
anti-actin antibody were obtained from Sigma (St. Louis, MO). BSA (fraction V) was
obtained from Equitech (Kerrville, TX). Human recombinant PDGF-BB was purchased
from Upstate Biotechnology (Lake Placid, NY). Cyclic peptides cyclo (-GRGDSP) and
cyclo (-GRGESP) were obtained from Anaspec (Fremont, CA). Function-blocking
monoclonal anti-FN (HFN 7.1) and polyclonal anti-FN were obtained from Abcam
(Cambridge, MA). Anti-α5 integrin antibodies were purchased from Abcam and from Santa
Cruz Biotechnology (Santa Cruz, CA). Function blocking antibodies against α5 and β1
integrin subunits (MAb16 and MAb13) were a generous gift from Dr. K. Yamada. Alexa
488-Phalloidin, propidium iodide (PI), Hoechst 33342, Alexa 488 and 568 conjugated
antibodies against mouse and rabbit IgGs were obtained from Invitrogen-Molecular Probes
(Eugene, OR). Fluoromount G was purchased from Southern Biotechnology (Birmingham,
AL). RNAase (DNAase-free) was obtained from Roche Diagnostics (Indianapolis, IN).
Lipofectamine was obtained from Invitrogen (Carlsbad, CA). siRNA oligonucleotide
sequences (ON-TARGET plus siRNA) and a non-targeting siRNA (siGenome Control non-
targeting siRNA) were purchased from Thermo Scientific-Dharmacon (Lafayette, CO).
Horseradish peroxidase-conjugated goat anti-mouse and rabbit IgG were obtained from MP
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Biomedicals (Solon, OH) and Thermo Scientific (Pittsburgh, PA), respectively. Rhodamine
FN (R-FN) was purchased from Cytoskeleton Inc (Denver, CO). Y27632 was obtained from
EMD Millipore (Billerica, MA).

Cell culture
Use of human foreskin fibroblasts was approved by the University Institutional Review
Board (Exemption #4). BR-5 cells (early passage, hTERT immortalized, human skin
fibroblasts) [26] were cultured on DMEM supplemented with 10% FBS in a 37°C and 5%
CO2 humidified incubator. Experimental incubation media consisted of DMEM
supplemented with 10% FBS (DMEM/FBS), DMEM supplemented with 5mg/ml BSA (fatty
acid free) and 10 μM LPA (DMEM/LPA), and DMEM supplemented with 5mg/ml BSA
(fatty acid free) and 50 ng/ml PDGF (DMEM/PDGF). For time lapse microscopy, CO2-
independent DMEM replaced regular DMEM medium.

Collagen matrix preparation and cell clustering
Collagen matrices (1 mg/ml) were prepared as described previously [26]. Briefly, 200 μl
aliquots of collagen solution at physiological pH and ionic strength were polymerized within
12 mm circular scores made on the bottom of 24-multiwell plates. Polymerization occurred
within 1h incubation at 37°C.

Cell clustering assays were carried out in 24-multiwell plates. Unless indicated otherwise,
2×104 cells in 1 ml of experimental incubation medium were cultured on collagen matrices
for 18h at 37°C + 5% CO2. Cyclic peptides –GRGDSP and –GRGESP, function blocking
antibodies MAb16, MAb13 and HFN 7.1, FN (soluble or rhodamine labeled), and
pharmacologic inhibitors Y27632 and blebbistatin were added to the incubations as
indicated in the Figure Legends. In some experiments, cell clustering assays were carried out
with 96-multiwell plates, in which case proportional cell density and collagen volumes were
used.

Microscopy
At the end of experimental incubation, cells were fixed with 3% paraformaldehyde in PBS
and processed for immunofluorescence staining as described previously [37] except
treatment with primary antibodies against anti-α5 integrin (1:200) and anti-FN (1:200) was
carried out before permeabilization with Triton X-100. Staining for actin was accomplished
after permeabilization using Alexa fluor 488 phalloidin (1:500) as indicated. Staining for
nuclei was accomplished using propidium iodide (PI) (1:500) or Hoechst 33342 (2 μg/ml).
After staining, samples were mounted on glass slides with Fluoromount G. Samples were
observed in a Nikon Eclipse E600 and a Nikon Eclipse Ti using a 10X/0.45 PlanApo infinity
corrected objective. Images were acquired with a Photometrics SenSys CCD camera and
MetaVue acquisition and imaging software. For confocal microscopy, a Leica TCS SP5
microscope was used with a 63X immersion oil objective lens. Z-stack reconstructions were
performed using 0.5 μm optical slices.

Time lapse microscopy was performed using Nikon Eclipse Ti microscope with a 10X/0.45
PlanApo infinity corrected objective and images were taken every 20 minutes during 18–
20h as indicated in the Figure Legends using phase contrast and fluorescence. Images and
the resultant picture sequences were processed using the NIS Elements software package.
Final images were transferred to Image J for processing.

Samples were processed for scanning electron microscopy by standard methods as described
previously [38]. Images were collected using a Philips XL30 ESEM scanning electron
microscope using acceleration voltage of 15 kV.
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siRNA transfection
siRNA transfection was accomplished beginning with trypsin rounded cells as described
previously [37]. Semi-confluent (80%) cell cultures on 6-multiwell plates were washed
twice in FBS-free, antibiotic-free DMEM medium and briefly trypsinized for 1 min. Trypsin
was inactivated by adding 4 ml DMEM/FBS (antibiotic-free), followed by a careful wash
with DMEM without FBS and antibiotics. Cells then were incubated with 800 μl of DMEM
(serum and antibiotics-free) plus 200 μl of a mixed solution containing 0.1 μM of the
desired α5 siRNA target sequence GAACGAGUCAGAAUUUCGA, 3% lipofectamine, and
Opti-MEM for 24 h. After incubation, plates were expanded, adding 1.5 × 105 cells per well
and incubating them for 72 and 96h. Preliminary experiments were initially performed using
the 4 siRNA open reading frames provided by the manufacturer, all of which successfully
silenced α5 integrin. Mock experiments used a control siRNA non-targeting sequence
instead of specific siRNA.

Western Immunoblotting
Immunoblotting was performed as previously described [37]. Blocking consisted by
incubating membranes for 1h at room temperature on 3% BSA (fraction V) TBS-Tween 20.
Primary antibodies against actin (1:1000 dilution), and α5 integrin (1:1000) were incubated
on PDVF membranes for 16h at 4°C. HRP-conjugated goat-anti-mouse (1:5000) or anti-
rabbit (1:5000) were used as secondary antibodies.

RESULTS
Cell cluster formation

Figure 1A shows phase contrast time-lapse images of fibroblasts incubated in FBS-
containing medium on the surface of a collagen matrix. After initial attachment (~15 min),
cells appeared mostly round. Within four hours (4 h), cells extensions became visible. Local
collagen matrix remodeling was observed based on the appearance of phase dark strands
within the field of view (see Supplemental Movie 1). Cells nearby each other appeared to
interact through their extensions. After 4h, most cells were spread in elongated morphology
and cell clustering became evident. The size of the clusters and alignment of collagen matrix
between clusters increased from 8h to 18h. Over that period, collagen matrix remodeling
resulted in matrix compaction, which was observed as a decrease in matrix height [39].

Figure 1B shows the tightly packed appearance of a typical cell cluster visualized by
scanning electron microscopy. Reorganization of collagen fibrils could be seen in close
association with radially organized cell extensions. Fibrillar structures were not observed
above the clusters.

Fibronectin matrix organization
Figure 2A shows by fluorescence microscopy that actin stress fibers were prominent in cells
within clusters and oriented towards nearby cells located outside of clusters. Nuclear
staining with propidium iodide (PI) demonstrated that clusters often contained 10–30 cells.
Experiments were then carried out to determine the location of fibronectin receptors
(integrin α5β1) and fibronectin in relationship to cell clusters. Figure 2B shows the
extracellular distribution of α5 integrin (green) and FN (red) for a typical cell cluster (blue =
nuclei). Staining of α5 integrin appeared to occur over the cell bodies and extensions. FN
staining was both diffuse and fibrillar with FN fibrils concentrated in regions surrounding
the clusters and also present along cell extensions. Fibroblasts are known to organize FN
into a pericellular fibrillar matrix that becomes resistant to deoxycholate extraction [40].
Figure 2C shows that the FN matrix organized during cell cluster formation was
deoxycholate resistant.
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To observe directly the real-time dynamics of FN fibril organization during cell clustering,
experiments were carried out with 5 μg/ml rhodamine-conjugated FN (R-FN) [41] added to
the incubations. Figure 3 shows combined phase contrast fluorescence time-lapse images of
fibroblasts undergoing cell clustering in FBS medium during 18h (see Supplemental Movie
2). Small amounts of R-FN could be seen to associate with the round cells as early as 1h
(A). By 4h (B), two clusters had started to develop within the field of view. R-FN could be
seen organizing along cell extensions and associated with the clusters. From 4h to 8 h (C)
and 8 hr to 18h (D), cells continued to become associated with the two clusters resulting in
an increased in their size and concomitant increase in R-FN matrix organization.

DMEM/10% FBS medium contains ~20 μg/ml plasma FN [42]. Since LPA can substitute
for FBS to promote cell clustering in the absence of added plasma fibronectin, we examined
whether cells also organized a FN matrix during LPA-dependent cell clustering in the
absence of plasma fibronectin. Figure 4A shows that organization of cellular FN in the LPA
samples was similar to organization of plasma FN in the FBS samples although the extent of
matrix formation and size of cell clusters typically were smaller in LPA.

We used confocal microscopy to critically examine the localization of FN fibrils that formed
during cell clustering in LPA-containing medium. Figure 4B presents images from a
confocal Z series from the top to the bottom of a cell cluster (blue nuclei) (see Supplemental
Movie 3). FN fibrils (red) were prominent beneath the cells (iv) and towards the bottom of
the clusters (iii) but less evident higher in the clusters (ii) and essentially absent from the top
(i). Integrin α5 staining (green), on the other hand, appeared to be uniformly distributed
around cell peripheries. In general, FN was not found in between the clustered fibroblasts.

Dependence of cell clustering on FN matrix organization
The dynamics of FN fibril organization and distribution during cell clustering suggested that
the mechanism of clustering depended on multiple cells binding to a shared FN matrix
organized by contracting cells. As mentioned in the Introduction, fibroblasts incubated on
the surfaces of collagen matrices do not form clusters in basal medium (no growth factor
added) and PDGF-containing medium [26]. Figure 5 compares the distribution of FN after
fibroblasts were cultured in FBS vs. basal and PDGF media. Twenty μg/ml plasma FN was
added to basal and PDGF conditions. FN was seen to become associated diffusely with the
collagen matrix but not to form a fibrillar matrix, and cells did not form clusters.

Rho kinase and myosin II-dependent cell contraction is known to play a role in FN matrix
organization by fibroblasts in routine 2D culture [35, 36] and also required for cell clustering
on collagen matrices [26]. Figure 6 demonstrates that conditions under which blocking Rho
kinase (Y27632) and myosin II activity (blebbistatin) prevented cell clustering, also
inhibited organization of FN fibrillar matrix but not cell spreading.

Formation of FN fibrillar matrix depends on integrin fibronectin receptors [36, 43].
Therefore, we tested the consequences for cell clustering of interfering with fibronectin
receptors with function-blocking anti-integrin α5 (MAb16) and β1 (MAb13) antibodies
[43]. Figure 7A shows that antibody against integrin β1 completely blocked both cell
clustering and cell spreading on collagen matrices. Antibody against integrin α5 subunit also
decreased clustering -- clusters that did form were smaller and less tightly packed -- but had
no effect on cell spreading on the collagen matrix. Both antibodies reduced cell adhesion to
FN-coated 2D surfaces (Figure 7B).

In further experiments, we tested the effect of silencing α5 integrin expression on cell
clustering and fibronectin matrix formation. All four different oligonucleotide pairs in the
Dharmacon ON-TARGET plus siRNA set inhibited integrin α5 expression. Figure 8A
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shows an example by Western blotting that α5 integrin levels were markedly reduced in
cells transfected with integrin α5 specific siRNA but not with mock (scrambled) siRNA.
Figure 8B demonstrates that silencing α5 had no effect on the ability of fibroblasts to
interact with collagen matrices and to cause their compaction as measured by reduction of
matrix height compared to starting matrices (~70% reduction).

The results in Figure 8C show that silencing α5 integrin inhibited cell clustering although
cells were able to spread normally on collagen as shown by actin staining. That the spread
cells remained dispersed was evident from nuclear staining (PI). Figure 8D shows that
unlike the fibrillar organization of FN in mock-silenced cells, the distribution of FN in α5-
silenced cells was mostly diffuse. Consistent with the immunoblotting, α5 integrin was
undetectable in α5 integrin-silenced cells.

Finally, the requirement for FN in cell clustering was tested directly by adding function-
inhibiting anti-FN monoclonal antibody HFN 7.1 [44] to the incubations. Figure 9A
demonstrates that addition of this antibody inhibited cell clustering without blocking cell
spreading on the collagen matrices. In control experiments, anti-FN inhibited cell adhesion
to FN but not to collagen-coated surfaces (not shown). Figure 9B shows related experiments
using a cyclic FN adhesion domain peptide that inhibits fibronectin-integrin interactions
[45]. Addition of 200 μg/ml cyclo-RGD reduced cell clustering compared to control cyclo-
RGE and no peptide controls. Clusters that formed in the presence of cyclo-RGD contained
fewer cells and were less tightly packed.

DISCUSSION
Fibroblasts interacting with 3D collagen matrices exhibit markedly different behaviors
depending on the growth factor environment [3]. Under conditions that we have referred to
as a procontractile -- medium containing FBS or LPA -- cells retract dendritic extensions
and contract stressed collagen matrices but fail to migrate in nested collagen matrices. Under
conditions that we have referred to as promigratory – medium containing PDGF – cells
protrude dendritic extensions and migrate well in nested collagen matrices but are unable to
contract stressed collagen matrices. The current work focused on another feature of
procontractile vs. promigratory growth factor environments. For fibroblasts on the surfaces
of collagen matrices, procontractile growth factor conditions (FBS or LPA), resulted in
formation of cell clusters; whereas promigratory growth factor conditions (PDGF) resulted
in translocation of cells as individuals and dispersion of previously formed cell clusters [26].

In the current work we studied the possible role of integrin FN receptors and FN in cell
clustering. We found that fibroblasts in serum or LPA but not in PDGF or basal (no growth
factor) medium organized FN into a fibrillar matrix, consistent with the known requirement
for activation of Rho kinase and cell contraction in the assembly of FN dimers into a fibrillar
matrix [35, 36]. The FN matrix formed during cell clustering was deoxycholate insoluble as
has been reported for the pericellular fibrillar matrix of fibroblasts in routine cell culture
[40]. Cellular FN was sufficient for matrix formation and cell clustering as shown by the
experiments in LPA-containing medium. However, plasma fibronectin also could be
incorporated into the matrix, and clusters formed in serum-containing medium were larger
than with LPA. Others have shown that plasma fibronectin can be incorporated into FN
matrix by fibronectin-null fibroblasts grown on collagen matrices [34].

Pharmacologically blocking Rho kinase and myosin II activity blocked cell clustering and
also inhibited FN matrix organization consistent with the known role of Rho kinase and
myosin II in FN matrix formation in routine 2D cell culture [35, 36]. Previous work
demonstrated that fibroblasts in collagen matrices under tension become well spread with
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prominent stress fibers and organized FN into fibrillar structures [46]. However, the
relatively round morphology of fibroblasts on collagen matrices during initial spreading on
collagen matrices concomitant with FN fibril organization and initial cell clustering
suggested that FN fibrillar matrix organization can occur locally in regions of cell-matrix
tension.

A requirement for FN in cell clustering was shown because clustering was inhibited in the
presence of antibodies that block the cell-FN binding domain (Schoen et al., 1982) and by
cyclo-RGD but not cyclo-RGE peptides [45]. Fibronectin receptors have been implicated in
formation of FN fibrillar matrix [36, 43]. We found that cell clustering and FN fibrillar
matrix organization were inhibited by siRNA silencing of α5 integrin and by function-
blocking antibodies directed against integrin subunits α5 and β1. Our findings confirm and
extend previous work that demonstrated directly a role for FN, i.e., addition of exogenous
FN promotes compaction of cell spheroids [30] and is required for cell clustering of FN-null
fibroblasts growing on collagen matrices [34].

Except for blocking β1 integrin, none of the treatments that inhibited cell clustering
prevented cell spreading on collagen or the ability of cells to exert contractile force and
compact the collagen matrix. Therefore, cell contraction was not sufficient for cell
clustering. Integrin α2β1 rather than α5β1 has been implicated in fibroblast adhesion to
collagen [47], which explains why blocking β1 integrin had a more profound effect that then
other interventions.

Fibroblast clusters have been observed in normal tissue stroma [48], in wounded, fibrotic
and scar tissue [49–53], and in the dermal papilla of hair follicles [54]. Interestingly, an
analogy has been suggested between tissue repair and embryogenesis [55]. From this
perspective, formation of fibroblast clusters possibly relates to the general process of
mesenchymal condensation [56–59]. In the case of hypertrophic scar [49] and during
mesenchymal condensation [60] fibronectin has been found in association with cell clusters.

Given the physiological relevance of fibroblast clusters, understanding the regulation and
mechanism of clustering is an important goal to accomplish. Our findings suggest that the
procontractile growth factor environment functions in cell clustering by stimulating
fibroblasts to organize FN fibrillar matrix. The dynamics of FN fibrillar matrix organization
and distribution during clustering suggested that the newly organized matrix serves as an
organizing center for the clusters to localize. These observations provide new insights into
how procontractile (serum/LPA) and promigratory (PDGF) growth factor environments can
differentially regulate fibroblast morphogenetic behavior under physiologic circumstances
such as wound repair, morphogenesis and malignancy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fibroblast clustering in DMEM medium containing FBS
(A) Time-lapse phase contrast images (from Supplemental Movie 1) of cells cultured for
18h on collagen matrices in DMEM/FBS. Images shown are from the same microscopic
field at the times indicated. Bar = 100 μm. (B) Scanning electron microscopic image of a
collagen matrix incubated with fibroblasts in DMEM/FBS for 18h. At the end of the
incubation, samples were fixed and processed for SEM. Bar = 10 μm.
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Figure 2. Structural organization and molecular composition of cell clusters
(A) Fluorescence microscopy image of a fibroblast cluster formed during 18h in DMEM/
FBS fixed and stained for actin and nuclei (PI). (B) Same as “A” except stained for α5
integrin (green), FN (red), and cell nuclei (Hoechst, blue). (C) Same as “A” except washed
once with cold PBS, and treated for 10 min at 37°C in PBS without or with 1%
deoxycholate (DOC) as indicated after which the samples were washed three times and fixed
and stained for fibronectin. Bar = 100 μm.
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Figure 3. Rhodamine-fibronectin organization during cell cluster formation
Time-lapse phase contrast/fluorescence images (from Supplemental Movie 2) of cells
cultured 18h on collagen matrices in DMEM/FBS containing 5 μg/ml rhodamine-FN.
Images shown are from the same microscopic field at the times indicated. (A) 1 h; (B) 4h;
(D) 8h; (D) 18 h. Bar = 100 μm.
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Figure 4. FN organization and cell cluster formation in LPA-containing medium
(A) Fibroblasts were cultured for 18h on collagen matrices in DMEM/FBS and DMEM/LPA
as indicated. At the end of the incubations, samples were fixed and stained for FN and
Hoechst 33342. Bar = 100 μm. (B) Z-plane distribution of FN in a fibroblast cluster formed
during 18h in DMEM/LPA fixed and stained for FN (red), α5 integrin (green), and nuclei
(blue). (i) top area of the cluster; (ii) upper part of the cluster; (iii) lower part of the cluster;
(iv) bottom of the cluster. Supplemental Movie 3 shows the full set of confocal microscopy-
generated 0.5 μm Z stacks. Bar = 50 μm.
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Figure 5. Effect of varying the growth factor environment on FN distribution and cell cluster
formation
Cells were cultured for 18h on collagen matrices in DMEM containing FBS, PDGF and no
growth factor (basal) as indicated. The PDGF and basal incubations contained 20 μg/ml
plasma FN. At the end of the incubations, samples were fixed and stained for actin, FN and
nuclei (Hoechst) as indicated. Bar = 100 μm.
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Figure 6. Blocking Rho kinase and myosin II contraction inhibits FN matrix assembly and cell
cluster formation
Fluorescence microscopy images of fibroblasts on collagen matrices during 18h in DMEM/
FBS containing 5 μM Y27632 and 20 μM blebbistatin as indicated. At the end of the
incubations, samples were fixed and stained for actin, FN and nuclei (Hoechst). Bar = 100
μm.
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Figure 7. Effect of function blocking antibodies against α5 and β1 integrin subunits on fibroblast
cluster formation
(A) Cells were cultured for 18h on collagen matrices in DMEM/FBS containing 100 μg/ml
monoclonal antibodies against β1 (MAb13) or α5 (MAb16) as indicated. At the end of the
incubations, samples were fixed and stained for actin and nuclei (PI). (B) Samples were
incubated on FN-coated coverslips for 1h and then fixed and stained for actin. Bar =100 μm.
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Figure 8. Silencing α5 integrin inhibits FN matrix organization and cell cluster formation
(A) Western blotting results showing α5 integrin and actin detection for cells after
transfection with specific α5 or mock siRNA. (B) Extent of matrix compaction by mock and
α5-silenced cells cultured 18h on collagen matrices in DMEM/FBS. Compaction was
calculated as final matrix height/starting matrix height. (C) Mock and α5 integrin silenced
cells were cultured for 18h on collagen matrices in DMEM/FBS. At the end of the
incubations, samples were fixed and stained for actin and PI. (D) same as “C” except the
cells were stained for α5 integrin and FN. Bar = 100 μm.

da Rocha-Azevedo et al. Page 18

Exp Cell Res. Author manuscript; available in PMC 2014 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9. Blocking FN inhibits cell cluster formation
(A) Fibroblasts were cultured for 18h on collagen matrices in DMEM/FBS containing 50
μg/ml of monoclonal antibody against FN (HFN 7.1) as indicated. At the end of the
incubations, samples were fixed and stained for actin. (B) Fibroblasts were cultured for 18h
on collagen matrices in DMEM/FBS containing 200 μg/ml of cyclo-peptides as indicated.
At the end of the incubations, samples were fixed and stained for actin and PI. Bar = 100
μm.
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