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The extracellular matrix (ECM) activates signalling pathways that
control cell behaviour by binding to cell-surface integrin recep-
tors and inducing the formation of focal adhesion complexes
(FACs)'. In addition to clustered integrins, FACs contain proteins
that mechanically couple the integrins to the cytoskeleton® and to
immobilized signal-transducing molecules"’. Cell adhesion to the
ECM also induces a rapid increase in the translation of pre-
existing messenger RNAs*’. Gene expression can be controlled
locally by targeting mRNAs to specialized cytoskeletal domains®.
Here we investigate whether cell binding to the ECM promotes
formation of a cytoskeletal microcompartment specialized for
translational control at the site of integrin binding. High-resolution
in situ hybridization revealed that mRNA and ribosomes rapidly
and specifically localized to FACs that form when cells bind to
ECM-coated microbeads. Relocation of these protein synthesis
components to the FAC depended on the ability of integrins to
mechanically couple the ECM to the contractile cytoskeleton and
on associated tension-moulding of the actin lattice. Our results
suggest a new type of gene regulation by integrins and by
mechanical stress which may involve translation of mRNAs into
proteins near the sites of signal reception.

FACs containing B1 integrin, talin, actin and vinculin could be
visualized along the bead—membrane interface 20 min after human
umbilical vein endothelial cells had bound to microbeads (4.5 um)
coated with fibronectin (FN) (Fig. 1a—f)*’. High-resolution in situ
hybridization using oligonucleotide probes for poly(A)" and ribo-
somal RNAs revealed that both mRNA and ribosomes were simul-
taneously recruited to the region surrounding the FAC (Fig. 1g—j).
Whereas most FAC-associated cytoskeleton (CSK) proteins were
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Figure 1 Recruitment of mRNA and ribosomes to FACs 20 min after cell binding to
ECM-coated microbeads. Low- (a) and high- (f) magnification phase-contrast
micrographs of a cell 20min after binding to FN-coated beads. Fluorescence
views showing immunostaining for 81 integrin (b) and in situ hybridization for
ribosomal RNA (g) in the same cell as shown in f, bead diameter, 4.5 um.
Immunofluorescence staining for other FAC proteins, including talin (c), actin (d),
and vinculin (e), in similarly treated cells. Corresponding in situ hybridization
results obtained in the same cells using probes for poly(A)* (h, i) or ribosomal RNA
(j) are shown below. k, Graph showing the percentage of beads that exhibited
positive staining for each of the FAC proteins (white bars) and the subset of these
beads that also stained positive for either poly(A) RNA or ribosomes (black bars).
B1, B1 integrin; Tal, talin; Act, actin; VVnc, vinculin. Error bars indicate s.e.m. Similar
recruitment of mRNA was observed in human microvascular lung endothelial
cells (I), bovine capillary endothelial cells (m), and NIH3T3 fibroblasts (n) bound to
RGD-beads, as detected using an FITC-labelled oligo(dT) probe. Phase contrast
(0) and corresponding fluorescence (p, q) views of a 3T3 fibroblast expressing
high levels of soluble cytoplasmic enhanced green fluorescent protein through
transfection. Binding to an RGD-coated bead (arrowheads) specifically induced
recruitment of ribosomes (p) but not the green fluorescent protein (q). r, Digital
imaging optical section in the x, y (horizontal) plane showing fluorescence
staining for ribosomes in an endothelial cell bound to two FN-coated microbeads.
s, Graph showing the relative fluorescence intensity in a single optical section
due to ribosomal staining in the region of the cytoplasm surrounding one of the
FN-coated beads shown in r (arrowhead). The average relative fluorescence
intensity in a nearby cytoplasmic region at an equal distance from the nucleus in
the same cell, but without an attached bead, was ~0.57 = 0.67 in this study.
Confocal micrographs in the x, z (vertical) plane showing fluorescence staining
for poly(A)" RNA (t) and ribosomes (u) in a spread endothelial cell bound to a FN-
coated microbead. Arrowheads indicate increased densities of poly(A)” RNA and
ribosomes at the site of bead binding.
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restricted to the bead—membrane interface, mRNA and ribosomes
appeared to form larger amorphous haloes that encompassed the
FAC and extended farther into the cytoplasm (~2.5 wm) at this
time. Vinculin gave a similar diffuse staining pattern (Fig. le, j).
Quantification of staining at this time (20 min after bead binding)
revealed that only a subset of beads recruited FAC proteins® and
that only a subset of these FACs stained positively for mRNA or
ribosomes (Fig. 1k). However, beads labelled for mRNA almost
invariably contained FAC proteins. Similar results were obtained
using beads coated with RGD peptide and with other cell types
(Fig. 11-n). In contrast, specific staining was not observed when
fixed cells were pretreated with RNAse before hybridization or when
a ‘sense’ oligo(dA) probe was used instead of oligo(dT). Further-
more, soluble cytoplasmic components, such as transfected green
fluorescent protein (GFP), did not appear to accumulate around
bead-induced FACs (Fig. 1o—q). Digital imaging microscopy in
the x, y plane (Fig. 1r, s) and confocal microscopy in the x, z plane
(Fig. 1t, u) confirmed that the local densities of ribosomes and
poly(A)*" RNA were indeed specifically increased in the region of the
bead-associated FAC.

Different integrin subtypes differed in their ability to promote
poly(A)* RNA and ribosome redistribution. Beads coated with anti-
integrin B1 antibodies (Fig. 2a—c) induced more mRNA and
ribosome relocation than did beads coated with either anti-av33
or anti-av antibodies (Fig. 2d). In contrast, beads coated with
ligands for other (non-integrin) transmembrane receptors, includ-
ing specific antibodies (against HLA antigen, or PECAM) or
metabolic receptor ligands, such as basic fibroblast growth factor
(FGF) or acetylated low-density lipoprotein, failed to induce any
visible recruitment (Fig. 2d—g). Thus, the observed relocation of
mRNA and ribosomes in response to ECM binding appeared to be
specifically mediated by integrin binding and associated FAC
formation.

In migrating fibroblasts, B-actin mRNA localizes to the CSK at
the leading edge within a few minutes of growth factor stimulation®.
Similarly, staining for poly(A)" RNA and ribosomes could be
detected delineating the bead—membrane interface within the
FAC 5min after bead binding; the staining pattern only later
became more diffuse and extended into the surrounding cytoplasm
(Fig. 3a). The percentage of positively stained beads also progres-
sively increased over time, saturating at ~20 min after bead binding
(Fig. 3a). These rapid kinetics suggested that transcription and
nuclear transport might not be required for RNA localization to
FACs. To test this, we enucleated cells to produce cytoplasts and
then allowed them to bind to FN-coated beads (Fig. 3b—d). The
percentage of beads that exhibited recruitment of poly(A)" RNA
and ribosomes was nearly identical in nucleated cytoplasts and
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Figure 2 Integrin-dependent relocalization of

- poly(A)” RNA and ribosomes to the FAC at 20 min
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corresponding fluorescence (b, ¢, f, g) images of
cells bound to beads coated with antibodies against
integrin g1 (a-c) or FGF protein (e-g) and stained
with an FITC-labelled oligo(dT) probe (b, f) or a Cy3-
labelled ribosomal probe (e, g). Note that the FGF-
coated beads that are incapable of inducing FAC
formation show no bead-associated staining. d,
Quantification of the percentage of beads that
stained positively for poly(A)” RNA and ribosomes
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Figure 3 Kinetics of mRNA and ribosome recruitment to the FAC. a, Top,
fluorescence staining for poly(A)" RNA (Poly A) and ribosomes (Ribo) around a
cell-surface-bound FN-coated bead at 5 and 20 min after binding. Graph shows
time course of recruitment of poly(A)" RNA and ribosomes to the FAC. Phase-
contrast (b) and corresponding fluorescence views (e, d) of an enucleated
cytoplast bound to FN-coated beads that stained positively for poly(A)" RNA (c)
and ribosomes (d).

731




letters to nature

control cells (34.25 * 4.97 compared with 36.63 = 1.92, respectively).
Thus, neither de novo synthesis of RNA nor vectorial transport of
RNA from the nucleus to the cytoplasm was required for the
repositioning of poly(A)" RNA and ribosomes to the FAC.

Compartmentalization of specific mRNAs observed in many cell
types, including oocytes, neurons, muscle cells and fibroblasts,
appears to be mediated by the targeting of existing cytoplasmic
mRNAs to specific microdomains of the insoluble CSK®. In fact,
disruption of the actin lattice using cytochalasin D blocked recruit-
ment of poly(A)* RNA and ribosomes to the FAC in our cells
(Fig. 4a). In contrast, treatment of cells with microtubule-modify-
ing drugs, such as nocodazole and taxol, had only minimal effects.
Poly(A)* RNA could therefore be passively recruited to the FAC
owing to its association with actin filaments’, which accumulate at
the bead surface as the cell extends ruffles around the bead in
response to integrin binding (Fig. 4b, c¢). We consider this unlikely,
however, because beads that stained positively for actin were
negative or very dimly stained for poly(A)* RNA and ribosomes
and vice versa (Fig. 4b—d).

Another possibility is that this microcompartmentalization is
controlled mechanically through tension-dependent restructuring
of the CSK. For example, certain mRNAs preferentially associate
with vertices in the actin lattice and not with the intervening struts'’.
These fine microarchitectural features can be generated through
changes in isometric tension resulting from cell binding to an ECM
substrate that can resist cell-tractional forces'". If tension-moulding
of the CSK is required for the observed redistribution of the protein
synthesis machinery, then changing the balance of forces trans-
mitted across the cell surface, for example by altering mechanical
coupling between integrins and the CSK, should modify this
recruitment response. We found that there was a direct correlation
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between the ability of transmembrane receptors to cause mRNA and
ribosomes to relocalize to the FAC and their ability to resist
mechanical distortion, as previously demonstrated using magnetic
twisting cytometry'’. Beads that formed the strongest CSK attach-
ments (coated with RGD peptide or anti-B1 integrin antibodies)
were consistently more effective at inducing recruitment than beads
coated with receptor ligands which gave intermediate (anti-avf33
and anti-av antibodies) or low (AcLDL, anti-HLA) levels of
mechanical coupling to the CSK (Fig. 2). Furthermore, treatment
of cells with drugs such as KT5926 and butanedione-2-monoxime
(BDM) that inhibit actomyosin-based tension generation without
disrupting CSK filaments'*** also decreased recruitment of poly(A)*
RNA and ribosomes to the FAC (Fig. 4a). Finally, we could directly
demonstrate that tension per se is a trigger for these repositioning
events by applying mechanical stresses to cell surface integrin
receptors using controlled magnetic twisting forces and cell
magnetometry’. Application of mechanical stresses ranging from
0 to 15dynescm™ to cell-surface-bound magnetic beads coated
with RGD peptide resulted in a stress-dependent increase in the
percentage of beads that stained for ribosomes after 5min stress
application (Fig. 4e). Myosin V is required for the transport of ASHI
mRNA in budding yeast" and localization of $-actin mRNA to the
leading edge appears to involve the small GTP-binding protein Rho
(V. Latham and R.H.S., unpublished results), which promotes FAC
formation by increasing myosin light-chain phosphorylation and
increasing CSK tension'®. These results indicate that cell adhesion to
the ECM and integrin binding may create a specialized micro-
compartment containing mRNA and ribosomes near the FAC
through mechanical restructuring of the surrounding actin lattice
and the corresponding formation of geometries that promote
mRNA and ribosome binding (Fig. 4f).
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Figure 4 The role of the CSK and mechanical tension in the recruitment process.
a, Percentage of beads that recruited ribosomes in control untreated cells (Con)
orin cells treated for 30 min with 1 ug mi™ cytochalasin D (CD),1 wM Taxol (Tax), or
10 g M~ nocodazole (Noc) or for 1h with 15 wM KT5926 (KT) or 20 mM BDM.
Phase contrast (b) and corresponding fluorescence views (¢, d) of the same cell
bound to FN-coated beads stained for F-actin using FITC-phalloidin (¢) or
ribosomes (d). Arrowhead indicates a bead that is brightly stained for F-actin but
only dimly stained for ribosomes, whereas the adjacent bead to the left is only
weakly stained with phalloidin but brightly stained for ribosomes. e, Mechanical-
stress-dependent recruitment of ribosomes to the FAC. Rotational shear stresses
ranging from 0 to 15 dynes cm™ were applied to cell-surface-bound magnetic
beads coated with RGD peptide using controlled magnetic twisting forces®. Error
bars indicate s.e.m. f, Model of tension-dependent recruitment of mRNA and
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ribosomes to the FAC. Integrin receptors (rectangles) on the cell membrane (1)
are induced to cluster and form a FAC linked to the actin CSK (black lines) in
response to binding to a FN-coated bead (large circle) (2). The ability of the bound
bead to resist CSK tension results in a low level of CSK reorganization that
exposes sites that promote binding of ribosomes and mMRNA (arrows) previously
present within the cytoplasm (2). Increasing the level of mechanical distortion
within the actin lattice by magnetically twisting the bound beads results in
progressive tension-moulding of the lattice, creation of additional binding sites,
and thus enhanced recruitment of mMRNA and ribosomes to the site of integrin
binding (3). This restructuring and microcompartmentalization starts at the bead-
membrane interface and then progressively extends outwards into the cyto-
plasm, as in Fig. 3.
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Our results suggest that rapid post-transcriptional changes in
gene expression may be mediated by repositioning of translational
components to sites of signal reception and that mechanical tension
may guide these movements. FACs contain several signal-transducing
molecules, including proteins that can regulate translation (the Na*/H*
antiporter”'”'®, protein kinase C”~*', PI-3 kinase"*** and the FGF
receptor”, for example). Thus, redistribution of mRNA and
ribosomes to the FAC may explain the rapid increase in protein
synthesis that is observed well before changes in transcription are
detectable in response to substrate adhesion®. Other FAC compo-
nents, such as calreticulin® and proteins containing LIM domains
(such as zyxin, cysteine-rich protein-1 and paxillin)*, can poten-
tially bind nucleic acids and may thus also play a role in the observed
response to stress and integrin binding. Formation of this localized
complex could also mediate the post-transcriptional effects of
mechanical stresses on gene expression. For example, in cardiocytes,
an acute rise in ventricular wall stress results in a rapid increase in
protein synthesis and phosphorylation of the translation initiation
factor eIF-4E, effects that can be prevented by treatment with
BDM?®. These observations suggest that translation of gene
products at the site of ECM signal reception may constitute a
novel aspect of integrin signalling and serve an intermediate role
between rapid local post-translational changes (such as tyrosine
phosphorylation, local CSK rearrangements) and slower transcrip-
tional alterations in the nucleus. Formation of this microcompart-
ment for post-transcriptional control of gene expression also may
serve to integrate signals that regulate cellular protein synthesis with
those that are elicited by integrins, growth-factor receptors and
mechanical stresses within the same FAC'™. O
Methods
Cell culture. Endothelial cells from human umbilical vein”, bovine adrenal
cortex'’, or human lung microvasculature (Clonetics) and NTH3T3 cells were
cultured on FN-coated glass coverslips in serum-containing medium for 14—
16 h before bead addition. NIH3T3 cells were transfected with a plasmid
encoding an enhanced green fluorescent protein (Clontech) using lipofecta-
mine (GIBCO-BRL). Cytoplasts were generated® and incubated with beads 3 h
after cytochalasin B washout. Polystyrene beads (4.5 wm; Polysciences) were
coated with FN (Cappel), AcLDL (Biomedical Technologies), FGF (Takeda
Chemical), RGD-containing peptide (Peptide 2000; Telios) or rabbit anti-
mouse IgG (Cappel) as described”. Beads coated with anti-IgG were incubated
with purified antibodies (25 pgml™) to HLA (clone W 6-32, ATCC), PECAM
(clone P2B1, Chemicon), or integrin types B1 (clone B-D15, Biosource), av33
(clone LM609, Chemicon), or av (clone P3G8, Chemicon). Beads were added
to cells (30 beads per cell) in serum-free medium with 1% BSA, washed free of
unattached beads, and fixed in paraformaldehyde. Uncoated beads, beads
coated only with anti-mouse IgG antibodies, or beads coated with antibodies
directed against intracellular proteins did not bind to cell surfaces.

In situ hybridization. In situ hybridization was performed using probes
directly labelled with either FITC or Cy3 fluorochromes as described”. An
oligo(dT) 43-mer was used to assess poly(A)* RNA distribution; an oligo(dA)
43-mer was used as a negative control. Ribosomes were detected using a
mixture of 4 oligonucleotide probes complementary to the human 18S
ribosomal RNA (all 5" to 3": ACGGTATCTGATCGTCTTCGAACCTCCGACT;
ACCCGCACTTACTGGGAATTCCTCGTTCAT; TTATTCGTCAATCTCGGG-
TGGCTGAACGCCACTT; GCCTCACTAAACCATCCAATCGGTAGTAGC).
An anti-ribosomal antibody produced similar results. Hybridizations were
carried out at 37 °C for 2h in 10% (oligo(dT) probes) or 30% formamide
(ribosomal probes). The highest stringency washes were performed at 37 °C in
1x SSC, 10% formamide (for oligo(dT) probes) or 30% formamide (for
ribosomal probes). Quantitative data are expressed as the pooled average of
more than 230 beads obtained from at least two independent experiments.

Immunofluorescence. Immunofluorescence microscopy was performed as
described” using antibodies at the following dilutions: anti-B1 integrin (clone
B-D15, Biosource) 1:40, anti-talin (Chemicon) 1:25, anti-vinculin (clone
hVIN-1, Sigma) 1:400, and anti-ribosomal P antigen (Immunovision) 1:50,
FITC-labelled sheep anti-mouse IgG (Amersham) 1:50, Cy3-labelled goat anti-
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mouse IgG (Amersham) 1:1,000, and biotin-labelled goat anti-human IgG
(Vector) 1:200. FITC- or Texas red-labelled avidin D (Vector) was used at a
dilution of 1:250 and FITC-labelled phalloidin (Sigma) at 1:100. A Leica
TCS4D confocal microscope was used to obtain optical sections in the vertical
(x, z) plane. Digital (deconvolution) imaging microscopy was used to obtain
horizontal (x, y) optical sections and to quantify relative fluorescence
intensities’.

Magnetic twisting cytometry. Mechanical stresses were applied directly to
cell-surface integrin receptors by magnetically twisting surface-bound
ferromagnetic beads (4.5 um; Spherotech) that were coated with RGD
peptide’. A 1,000 gauss magnetic field was first applied for 10 s to align the
moments of the beads 5 min after binding to the cell surface and then 0-30
gauss magnetic fields were applied in an orthogonal direction for 5 more
minutes to exert a controlled shear stress (torque) to the beads bound to cell-
surface receptors.
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