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SUMMARY
Talin is a major cytosolic protein that links the intracellular
domains of β1 and β3 integrins to the cytoskeleton. It
is required for focal adhesion assembly. However, its
downregulation not only slows down cell spreading and
organization of focal adhesions but also impairs the
maturation of some β1 integrins, including the fibronectin
receptor α5β1. To investigate this, we characterized the β1
integrin synthesized in cells expressing talin anti-sense
RNA (AT22 cells). We identified a large intracellular pool
of β1 integrins that is abnormally accumulated in an earlier
compartment of the secretory pathway. In this report, we
show that in talin-deficient AT22 cells, the aberrant
glycosylation of integrin receptors is accompanied by a
delay in the export of the integrin α5β1. In normal cells,

talin was found associated with β1 integrins in an enriched
membrane fraction containing Golgi and endoplasmic
reticulum. Finally, microinjection of anti-talin antibodies
resulted in accumulation of the integrins within the cells.
These data strongly suggest that talin plays a specific role
in the export of newly synthesized integrins. We propose
that talin binding to the integrin may disclose a
diphenylalanine export signal, which is present in the
membrane-proximal GFFKR motif conserved in all
integrin α chains.

INTRODUCTION

domain of the β subunit contains the information necessary and
sufficient to promote integrin clustering in focal adhesions
(Dedhar and Hannigan, 1996; Hughes et al., 1996; LaFlamme
et al., 1992). On the other hand, the α cytoplasmic domain
controls ligand-dependent integrin recruitment at focal
adhesions. For instance, deletion of most of the α1 cytoplasmic
domain leads to the localization of α1β1 to focal adhesions
even when the cells are spread on a substrate that is not
recognized by the integrin (Briesewitz et al., 1993; Ylänne et
al., 1993).
In a previous study, we showed that α5β1 integrin underwent
abnormal maturation (including a defect in glycosylation and
some limited proteolysis of the N terminus of the β1 chain)
when talin was downregulated (Albigès-Rizo et al., 1995). This
unexpected result pointed out that little is known about the
maturation and sorting of the integrins along the exocytosis
pathway. The association of the luminal domains of the
precursors of β1 with α6 or α5 integrin chains is mediated by
a chaperone molecule named calnexin (Lenter and Vestweber,
1994; Hotchin et al., 1995). The cytoplasmic domains of α and
β subunits are necessary for proper assembly and function
(Briesewitz et al., 1995) and contribute to the overall stability
of the αβ complex. Indeed, a number of reports indicate that
the conserved GFFKR motif, localized in the membraneproximal region of all α cytoplasmic domains, is essential for
conferring stability to the receptors.

Cell adhesion to extracellular matrix is primarily mediated by
integrins, a family of heterodimeric, transmembrane receptors
composed of non-covalently associated α and β subunits
(Hynes, 1992). The integrin cytoplasmic domains link actin
cytoskeleton via several actin-binding proteins, including αactinin, filamin and talin (Horwitz et al., 1986; Otey et al.,
1990; Pavalko and Laroche, 1993), within complex molecular
structures named focal adhesions. Although little is known
about talin function, its ability to interact with both structural
and regulatory proteins such as vinculin (Burridge and
Mangeat, 1984; Gilmore et al., 1993), FAK (Chen et al., 1995),
actin (Hemmings et al., 1996; Muguruma et al., 1990) and with
receptors such as integrins or layilin (Borowsky and Hynes,
1998), indicates that it is a major link between the plasma
membrane and the cytoskeleton and a key element in the
organization of focal adhesions.
Talin interacts with the cytoplasmic domain of the β1 or β3
subunits in vitro (Horwitz et al., 1986; Knezevic et al., 1996;
Pfaff et al., 1998), and in vivo (Moulder et al., 1996). New
findings have shown that the talin head domain is able to bind
the membrane-proximal region of the integrin cytoplasmic tail
(Patil et al., 1999; Calderwood et al., 1999). However, another
study has suggested that both α and β subunits may participate
in this interaction (Knezevic et al., 1996). The cytoplasmic
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With the aim of understanding the relationship between the
loss of talin and the aberrant processing of integrins, we have
characterized the localization and traffic of β1 integrins
synthesized in talin-deficient cells. Our results indicate that
talin controls integrin exit from an early compartment of the
secretory pathway.

used were: anti-cyto β1, 1:100; anti-ICAM1 6E6, 1:200 from a 20
µg/ml solution stock solution; anti-MHC, 1:10; anti-β1 TS2/16, 1:100
from a 1 mg/ml purified stock solution; anti-β1 9EG7, from cell
culture supernatant; anti-58K, 1:100 from a commercial stock solution
(Sigma); antibody CTR433, 1:20. The cells were mounted in mowiol
solution and viewed using a confocal laser scanning microscope
(Zeiss LSM 410) or a conventional epifluorescence microscope
(Olympus Provis AX 70).

MATERIALS AND METHODS

Integrin exocytosis assay
Parental HeLa cells or talin-deficient AT22 cells were grown in a Petri
dish (100 mm diameter) to 50% confluence. They were harvested with
PBS supplemented with 1 mM EDTA and 0.05% trypsin (w/v). They
were pelleted by a centrifugation at 1500 rpm for 5 minutes, then
washed once with PBS at 4°C, and finally resuspended in 5 ml of PBS
at 4°C supplemented with 10 mM DTT, 1 mM EDTA and 1 mM
EGTA. A sample was treated with Proteinase K (500 µg/ml) for 30
minutes on ice. The reaction was stopped with 2 mM PMSF and the
incubation was followed on ice for 5 minutes. Then, the cells were
washed in α-MEM and were either plated on dishes coated with
fibronectin at 37°C, or further treated for immunofluorescence studies
as described above with the 9EG7 anti-β1 monoclonal antibody (in
the presence of 1 mM Mn2+) or with anti-ICAM-1 antibody after
different incubation times at 37°C in α-MEM.

Antibodies
Human talin was purified from platelets as described by Turner and
Burridge (1989), and polyclonal antiserum was raised in rabbits
immunized against the purified protein (Vignoud et al., 1997). The
anti-β1 tail serum (anti cyto-β1) was raised against a synthetic peptide
corresponding to the cytoplasmic domain of the β1 chain covalently
coupled to Keyhole Limpet Hemocyanin.
Anti-talin monoclonal antibody (8d4) was purchased from Sigma
(St Louis, MO, USA). Polyclonal calnexin antiserum, CTR433 and
β-COP were generous gifts of Dr Wada (Tokyo, Japan), Dr Bornens
(Paris, France) and Dr Paccaud (Geneva, Switzerland), respectively.
Anti-KDEL, GM130, anti-AP1 and anti-p58K were purchased from
Stressgen, Transduction Laboratories or Sigma. Anti-human β1
subunit monoclonal antibodies, BV7, AIIB2 and 9EG7 were kindly
supplied by Dr Dejana (Milano, Italy), Dr Damsky (San Francisco,
USA) and Dr Vestweber (Muenster, Germany), respectively. TS2/16
and A1A5 were kindly given by Dr M. E. Hemler (Boston, MA,
USA). Anti-ICAM-1 6E6 mAb and anti-MHC II were gifts from Dr
Duperray (Grenoble, France) and Dr Jacquier-Sarlin (Grenoble,
France), respectively. K20 was purchased from Immunotech
(Marseille, France). P4C10 monoclonal antibody and anti-α5β1
polyclonal antibody were from Gibco BRL (Gaithersburg, MD, USA).
mAb13 was from Becton Dickinson. Alexa- or rhodamine-conjugated
goat anti-mouse or anti-rabbit from Molecular Probes (Eugene, USA)
were used as secondary antibodies in most experiments.
Cells
HeLa cells were grown in 100 mm plates to 100% confluence at 37°C
in a 5% CO2 atmosphere in α-MEM supplemented with 10% (v/v)
heat inactivated fetal calf serum. The cells were harvested with
phosphate-buffered saline (PBS) supplemented with 1 mM EDTA and
0.05% trypsin (w/v).
To perform cell adhesion, Petri dishes (100 mm) were coated for 2
hours with fibronectin (25 µg/ml) purified from bovine plasma
according to the method of Engvall and Ruoslahti (1977). Dishes were
washed three times with PBS to remove non-adsorbed fibronectin
before the addition of the cells. 2 hours later, the plates were washed
with PBS to remove non-adherent cells.
In order to induce the expression of talin antisense RNA, cells were
treated with 10 µM cadmium for 1-2 hours.
FACS analysis
FACS analysis was performed as previously described (Albigès-Rizo
et al., 1995) using a FACScan flow cytometer (Becton Dickinson) and
the FACStar research software program (Lysis II). Background
fluorescence was determined with a non-immune mouse IgG control.
The data were displayed as cell number (ordinate) versus log
fluorescence (abscissa).
Immunofluorescence microscopy
For immunofluorescence or confocal microscopy, paraformaldehydefixed cells were extracted with 0.2% Triton X-100 in PBS for 5
minutes, and non-specific protein binding sites were blocked by a 1
hour incubation with 10% goat serum in PBS at room temperature.
Subsequent treatment of the cells was performed as described
previously (Vignoud et al., 1997). Dilutions of the primary antibodies

Subcellular fractionation, sucrose density gradients and
solubilization
Subcellular fractionation was performed using a modification of a
previously described method (Ray, 1970). Cells were broken in 10
mM Tris, pH 7.5, containing 69% sucrose (0.2 ml per 0.1 ml cell
pellet) and protease inhibitors in a 2 ml Dounce homogenizer. A
discontinuous density gradient was prepared with about 2 ml of the
previous homogenate placed in the bottom of the tube followed by 2.9
ml of 45% sucrose, 3.6 ml of 41% sucrose and 3 ml of 37% sucrose
buffered with 10 mM Tris, pH 7.5, respectively. The membrane
fractions were floated up by centrifugation in a TST 41-14 rotor
(Kontron) at 30000 rpm for 2 hours at 4°C with braking. After
centrifugation, three bands were resolved from the top to the bottom;
the first one was enriched in plasma membranes, the second was
mainly microsomes and the heaviest band mitochondria. Fractions
were removed from the top of the gradient, diluted with sucrose-free
buffer and centrifuged at 80000 rpm for 15 minutes at 4°C. The final
pellet was resuspended in the NP-40/glycerol buffer containing 20
mM Tris, pH 8, 137 mM NaCl, 1% NP-40, 10% glycerol, 1 mM
Na3VO4, 1 mM PMSF, 10 µM pepstatin, 10 µg/ml leupeptin. Protein
concentration was estimated by the micro BCA protein assay (Pierce).
Cell surface biotinylation, lysis, western blot and
immunoprecipitation
Cell surface proteins were labeled with biotin using the Amersham
kit and immunoprecipitated as described earlier (Albigès-Rizo et al.,
1995). For western blotting experiments, proteins were detected with
the appropriate monoclonal or polyclonal antibodies, followed by an
incubation with an anti-mouse or anti-rabbit IgG antibody coupled to
horse radish peroxidase (BioRad). Detection was achieved using a
chemiluminescent probe (ECL, Amersham).
Microinjection
HeLa cells were plated on fibronectin-coated glass coverslips and
were microinjected with a polyclonal anti-talin antibodies. Then the
cells were returned to the incubator for 3 hours before
paraformaldehyde fixation and 0.2% Triton X-100 permeabilization.
The cells were stained with rhodamine-conjugated anti-mouse or antirabbit secondary antibodies to allow the identification of the
microinjected cells. Localization of the β1 integrin was performed
with the monoclonal antibody TS2/16 followed by a detection with
Alexa-conjugated anti-mouse secondary antibodies. All injections
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were carried out with the aid of a micromanipulator 5171 connected
to an Eppendorf microinjector unit (Transjector 5246). Microinjected
cells were observed using a fluorescence microscope (Olympus Provis
AX70) equipped with a Plan apo ×63 oil immersion NA 1.40 objective
lens.

RESULTS
Characterization of the integrin α5β1 in talindeficient cells (AT22 cells)
HeLa cells were stably transfected with the talin antisense
RNA under the transcriptional control of the inducible
metallothionin promotor (Albigès-Rizo et al., 1995). A cell
line, designated AT22, was generated and used for the present
study. Induced AT22 cells acquired a round morphology and
led to aberrant maturation of α5β1 integrin. Until
recently, the intracellular localization of α5β1 integrins
could not be determined by immunofluorescence
because of the lack of antibodies able to recognize the
α5β1 integrin in AT22 cells. To characterize the
integrin expressed in AT22 cells, we localized the
epitopes present on the β1 subunit using flow
cytometry. As summarized in Table 1, all the anti-β1
antibodies tested reacted with the β1 chain in wild-type
or mock-transfected HeLa cells, but only the
monoclonal antibody 9EG7 and polyclonal antibodies
recognizing either the α5β1 complex or the
cytoplasmic domain of the β1 subunit were able to
detect the integrin expressed in AT22 cells. These three
antibodies were used in the following experiments.
The integrin α5β1 is accumulated within AT22
cells
The availability of antibodies recognizing β1 integrins
expressed in AT22 cells allowed us to study the
distribution of these integrins in talin-deficient cells.
Cells were cultured for 20 minutes on fibronectincoated coverslips, fixed, permeabilized, labeled with
the anti-cyto-β1 antibody and examined by confocal
microscopy. This short time of spreading allowed us to
obtain relatively round cells, which facilitated our
estimation of the amount of receptors expressed at the
cell surface as compared to a potential pool retained
within the cells. Wild-type HeLa cells exhibited a
localization of the β1 integrin chain mainly at the
plasma membrane (Fig. 1A), whereas with AT22 cells,
the same immunofluorescence revealed a much lower
surface expression together with a large intracellular
pool of the integrin (Fig. 1D). Such a pattern was also
observed in AT21 cells, another independent clone
expressing talin anti-sense RNA (not shown). As
already mentioned in our previous work (Albigès-Rizo
et al., 1995), after immunoprecipitation of cell-surfacelabeled proteins in AT22 cells, α5 and β1 subunits were
characterized by a shift in their molecular mass due to
an aberrant glycosylation and a limited proteolysis of
the β1 chain (Fig. 1G). Another integrin αIIbβ3
ectopically expressed in AT22 cells showed a similar
aberrant maturation (unpublished). Conversely, the
export of other receptors to the cell surface such as

Table 1. The reactivity of antibodies to human β1 chain
expressed in wild-type HeLa cells (WT) and talin
antisense-expressed HeLa cells (AT22)
mAb
mAb K20
mAb BV7
mAb TS2/16
mAb P4C10
mAb AIIB2
mAb 13
mAb 9EG7
polyAb cyto β1
polyAb α5β1

HeLa WT
or Mock

HeLa AT22

+
+
+
+
+
+
+
+
+

−
−
−
−
−
−
+
+
+

+ represents positive reactivity of the β1 integrin to the antibodies.

Fig. 1. Localization of the β1 integrin subunit in AT22 and HeLa cells. Mock
HeLa cells (A-C) and AT22 cells (D-F) were allowed to attach to fibronectincoated coverslips for 20 minutes at 37°C before paraformaldehyde fixation,
permeabilization and staining with primary antibodies anti cyto-β1 (A,D), or
anti-ICAM-1 (B,E) or anti MHC-II (C,F). Optical sections of the stained cells
were obtained with a Zeiss confocal laser scanning microscope. Note the large
intracellular pool of β1 integrins and the scarce signal at the cell periphery in
AT22 cells (D) as compared to mock transfected HeLa cells (A). Other
receptors such as ICAM-1 (B,E) or MHC II (C,F) are exported to the cell
surface in identical ways in mock transfected cells (B,C) and in the AT22 cells
(E,F). Immunoprecipitation of surface biotinylated receptors was performed to
examine the potential shift in their molecular mass: α5β1 integrin (G), ICAM-1
(H) and MHC II (I) in mock transfected HeLa cells (lane 1) and in talin antisense AT22 cells (lane 2). Note the significant shift in the pattern of α5β1
integrin expressed in AT22 cells (G, lane 2).
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ICAM-1 (Fig. 1B,E) or MHC class II (Fig. 1C,F) was
unchanged in AT22 cells as compared to the mock transfected
cells. Furthermore, immunoprecipitations of cell-surfacelabeled proteins with the appropriate antibodies revealed that
the molecular masses of ICAM-1 (Fig. 1H) and MHC II (Fig.
1I) were unmodified in both cell types. These results suggested
that the defects in transport and maturation observed in talindeficient cells were specific to integrins.
A further decrease in talin expression can be obtained by the
induction of talin antisense RNA with cadmium (Albigès-Rizo
et al., 1995). In order to test the relationship between the
decrease of talin expression and the intracellular β1
accumulation in AT22 cells, induced cells were
processed for immunofluorescence with antibodies
against the β1 cytoplasmic domain. When AT22 cells
were induced with cadmium, we observed by confocal
microscopy an increased accumulation of β1 integrins
to the perinuclear region (Fig. 2), compared to a weaker
accumulation in AT22 cells without induction. This
increased defect was correlated with the decrease in
talin expression (Fig. 2E,F). This accumulation of β1
integrins was never observed in mock transfected cells
induced or not by cadmium (not shown).
Localization of α5β1 intracellular pool in the
ERGIC
To further characterize the intracellular compartment in
which β1 integrin was accumulated in talin-deficient
cells, we visualized the submembranous structures of
the endoplasmic reticulum (ER) and the Golgi
apparatus. Protein transport from the rough ER to the
Golgi apparatus involves complex membrane structures
whose organization remains controversial. In
mammalian cells, the Golgi complex has a ribbon-like
structure composed of stacks of tightly opposed
flattened cisternae with extensive vesicular and tubular
profiles associated with the rims of the stacks. The
stacks are functionally and morphologically polarized
and contain pleiomorphic tubulovesicular structures on
the incoming cis-face and the outgoing trans-face. The
tubulovesicular structures near the cis-Golgi have been
called the cis-Golgi network, ER to Golgi intermediate
Fig. 2. Immunolocalization of the β1 integrin to the
perinuclear area increased in presence of cadmium in AT22
cells. AT22 cells were treated with 10 µM of cadmium for 12 hours to induce the expression of talin anti-sense RNA,
fixed, permeabilized and processed for immunofluorescence
with antibody against the β1 cytoplasmic domain. Detection
was done with 568 Alexa anti-rabbit secondary antibodies.
Each column of images represents optical sections (0.5 µm)
of the same cell or group of cells without induction (A,B) or
with induction (C,D). Notice the increased accumulation of
β1 integrin to the perinuclear region upon cadmium
induction as compared to the weaker accumulation of β1
observed in cells without induction. All images were
obtained with the same settings. Western blots with
antibodies raised against talin (clone 8d4), actin C-terminal
fragment and vinculin (clone V284) (E) and flow cytometry
analysis of talin downregulation in AT22 cells (F) in the
absence or presence of 10 µM cadmium, as compared with
mock transfected cells.

compartment (ERGIC) or vesicular tubular clusters (VTCs)
(Hauri and Schweitzer, 1992; Farquhar and Palade, 1998). The
exact identity and fate of these structures is still being debated,
but it appears that ERGIC represents transport intermediates
ferrying cargo from the ER to the Golgi (Presley et al., 1997;
Scales et al., 1997), specialized for sorting and retrieval of
resident ER proteins. The membranes of the ERGIC are
enriched in the 58 kDa membrane protein ERGIC-53/p58
(Bannykh et al., 1998).
As shown in Fig. 2, immunofluorescence with anti-cyto β1
antibody revealed perinuclear structures with a Golgi-like
structures. Similar patterns were observed using another
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Table 2. Distribution of the β1 subunit in talin-deficient
cells on structure labeled with markers of the secretory
pathway
Target

Compartment
stained

Clone
number

Colocalization
with β1

KDEL
58K
β COP
GM130
CTR 433
AP-1

ER
ERGIC
cis-Golgi
cis-Golgi
median-Golgi
TGN

10C3
59k-9
CM1A10
35
100/3

+
+++
−
−
−
−

monoclonal antibody (9EG7) directed against the human β1
chain (not shown). To determine whether the intracellular
concentration of integrin in AT22 cells was associated with
intracellular organelles involved in the secretory pathway, the
cells were double-immunostained with the anti-cyto β1
polyclonal antibody and monoclonal antibodies directed
against ER (anti-KDEL), ERGIC (anti-58K), cis-Golgi (βCOP,
GM130), median-Golgi (CTR433) (Jasmin et al., 1989) or
trans-Golgi (AP1), and analyzed by confocal microscopy (Fig.
3). Confocal analysis of AT22 cells induced with cadmium and
stained with anti-ERGIC 58K antibodies showed focal
concentrations of fluorescence that were very similar in
appearance and localization to those observed for intracellular
β1 staining (Fig. 3B). The pattern of β1 integrin in cadmiuminduced AT22 cells overlapped almost completely with the
p58K and partially with the KDEL staining (Fig. 3A). To better
investigate the distribution of β1 integrins in talin-deficient
cells, we used other markers of the Golgi apparatus, but no
colocalization of βCOP, GM130, CTR433 or AP1, with the β1containing structures was observed (Table 2). These results
clearly demonstrated that the intracellular pool of integrin in
AT22 cells was essentially associated with the ERGIC marker
corresponding to an early compartment of the secretory
pathway.
Delay in the translocation of α5β1 integrin to the
plasma membrane
Since α5β1 was accumulated within talin-deficient cells, one
could suspect that the abnormal maturation of the integrin
might result from a defect in the secretory pathway that would
allow long-term exposure of the integrin precursors to the
intracellular compartment environment. To test this hypothesis,
direct measurements of the export of newly synthesized α5β1
complexes to the plasma membrane were performed on
parental HeLa and AT22 cells. Briefly, the cells were harvested
and stripped with proteinase K at 4°C for 30 minutes as
described under Materials and Methods. After inactivation of
the protease by PMSF and one wash, the cells were placed at
37°C and the appearance of newly β1 integrins at the cell
surface was monitored either by following cell adhesion on
fibronectin or by immunofluorescence microscopy on
nonpermeabilized cells after staining with the 9EG7
monoclonal antibody in the presence of 1 mM Mn2+, an
integrin activating ion that fully disclosed the 9EG7 epitope
(Lenter et al., 1993). Although HeLa cells used to spread
rapidly on fibronectin, Fig. 4A shows that cell spreading of WT
HeLa cells on fibronectin was fully abolished by protease
treatment. After a lag period of 1 hour, the cells slowly
recovered and reached full spreading after a 7 hour incubation

at 37°C. This recovery was due to the export of newly
synthesized externalized receptors, since it could be
completely abolished by cycloheximide. Externalized β1
integrins at the cell surface were followed by
immunofluorescence using the anti-β1 9EG7 antibody on both
parental HeLa and AT22 cells in presence of Mn2+ (Fig. 4B).
While almost no staining remained after Proteinase K
treatment in both cell lines (emphasising the efficiency of cell
stripping), the fluorescence level in HeLa cells was almost fully
recovered after 5 hours at 37°C. This result was fairly
consistent with those of the spreading assay experiments on
fibronectin. Conversely, in AT22 cells, 9EG7 staining recovery
was strongly delayed since only 40% of the control levels were
obtained after the same incubation period (Fig. 4B,C).
The delay in the export to the cell surface was restricted to
integrins since there was no difference in ICAM1 export
expressed in talin anti-sense cells as compared to the HeLa
cells (Fig. 5). These experiments clearly demonstrated that the
exocytosis of β1 integrins was altered in talin-deficient cells.
Talin interacts with α5β1 integrin in microsomal
preparations
The accumulation of integrins in the early secretory pathway
when talin levels were reduced suggested that an early
interaction between both proteins may occur. This putative
early interaction was substantiated by the experiment shown in
Fig. 6. Microsomal membranes from HeLa cells were
solubilized in NP-40/glycerol buffer, as described under
Materials and Methods, and immunoprecipitation was
achieved with an anti-α5β1 complex polyclonal antibody. The
immune complexes were resolved by SDS-PAGE, transferred
onto a nitrocellulose membrane, and immunoblotted with the
anti-talin monoclonal antibody. Talin was specifically detected
in the anti α5β1 integrin immunoprecipitate (Fig. 6A, lane 2)
but not in complexes precipitated with non-immune polyclonal
antiserum, demonstrating the specific association between talin
and the α5β1 integrin (Fig. 6A, lane 4). The anti-talin
monoclonal antibody also reacted with a lower band, which
probably represented some proteolytic degradation of the
protein (Bolton et al., 1997). Since there have been reports that
integrin occupancy by extracellular matrix components such as
fibronectin allows the recruitment of talin (Miyamoto et al.,
1995; Vignoud et al., 1997), we tried to determine whether the
interaction of talin with α5β1 could be detected on whole cell
lysate made from HeLa cells spread for 60 minutes on plastic
or fibronectin-coated dishes. After lysis in NP40/glycerol
buffer and immunoprecipitation with the anti-α5β1, the
presence of talin was analyzed by western blotting as described
above. Under these experimental conditions, we were unable
to detect talin (not shown). Indeed, the strong association of
talin with α5β1 was specific for the microsomal integrin.
Previous immunoprecipitation experiments of calnexin
followed by immunoblotting with anti-β1 antibodies revealed
the association of calnexin with the immature high mannose
precursor of integrin α6β1 (Lenter and Vestweber, 1994) and
α5β1 (Hotchin et al., 1995). Therefore, we considered the
possibility that talin might bind to the calnexin-integrin
complex within the endoplasmic reticulum. However, in
calnexin immune complexes performed with the microsomal
fraction, the integrin precursor (Fig. 6B, lane 4) but not talin
(Fig. 6B, lane 3) was detected. Thus, it appeared that the
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β1

β1

β1

β1

β1

β1

formation of a ternary complex between calnexin, integrin and
talin was unlikely. Finally, the monoclonal antibody A1A5,
known to recognize the mature and trimmed forms, but not the
high mannose precursor of the human β1 subunit (Hemler et
al., 1983; Heino et al., 1989), was found to immunoprecipitate
talin/integrin complexes (not shown). All together, these
results suggested that talin was not associated with the high
mannose precursor of the β1 chain but with the trimmed β1
form.
Microinjection of antibodies directed against talin
mimics the blockade of α5β1 transport observed in
AT22 cells
Microinjection of anti-talin antibodies was studied previously
in terms of cell spreading and focal adhesion disruption. It was
found that the effect depended on how recently the cells had

Fig. 3. The intracellular pool of β1 subunits in AT22 cells colocalizes
with the earlier secretory pathway. The subcellular localization of β1
subunit was compared with that of KDEL and p58K in AT22 cells
induced with 10 µm cadmium. β1 cytoplasmic polyclonal antibody
was used to label human β1 integrin and detection was done with
Alexa 568 goat anti-rabbit IgG secondary antibodies. All other
marker proteins were counterstained using 488 Alexa-conjugated
anti-mouse IgG secondary antibody. Confocal micrographs of
immunolabeled proteins are shown with the respective colors in the
corners of the images. Composite images were generated by
superimposition of the green and the red signals with areas of
overlap appearing yellow. Each panel of images in (A) and (B)
represents different optical sections (0.5 µm) of the same cell or
group of cells. Notice the relative weak colocalization of β1 integrin
with the ER marker (KDEL) in (A). β1 integrin colocalizes much
better with ERGIC p58 (58K), a resident protein of the intermediate
compartment (B).

been plated (Nuckolls et al., 1992): cells that had newly
developed focal adhesions on fibronectin were induced to
round up due to the disassembly of adhesive structures.
However, if fibroblasts were allowed to spread completely
prior to microinjection, cell spreading was unaffected.
Keeping in mind that talin was involved in integrin transport,
it became interesting to check out whether microinjection of
anti-talin antibodies had any effect on integrin trafficking. We
performed the microinjection of the anti-talin polyclonal
antibody under conditions where HeLa cells were fully spread
on fibronectin. The cells were fixed and permeabilized 3 hours
later. The microinjected cells were discriminated by their
staining with a rhodamine-conjugated anti-rabbit secondary
antibody, whereas distribution of the β1 chain was observed
with the monoclonal antibody TS2/16 followed by Alexaconjugated anti-mouse secondary antibody. We confirmed that
the microinjection did not induce a disassembly of focal
adhesions. We first observed that 3 hours after injection, antitalin antibodies were predominantly localized around the
nucleus, suggesting a perinuclear localization of talin (Fig.
7A). This pattern was correlated with a large accumulation of
β1 integrin in a perinuclear area (Fig. 7B), whereas
microinjection of a non-immune serum (Fig. 7C) had no effect
on integrin retention within the cells (Fig. 7D). These results
provided evidence that anti-talin antibodies could hamper
integrin transport in a way that was similar to that observed
in talin-deficient cells.

DISCUSSION
In this study, we have shown that the decrease in talin
availability, either by downregulation with anti-sense RNA
expression or by blocking antibodies, induces intracellular
accumulation of β1 integrins. According to β1 colocalization
with specific markers, this blockade takes place at the exit of
an early compartment of the secretory pathway. This result is
confirmed by the observation in wild-type cells that talin
strongly and specifically interacts with β1 integrins located in
the microsomal fraction. Our data raised two questions. (1)
How does talin interact with components of the secretory
pathway? (2) Why and how talin can affect export of newly
synthesized α5β1 integrin?
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Fig. 4. Exocytosis of α5β1 in HeLa and AT22 cells. (A) The kinetics of exocytosis of the α5β1 fibronectin receptors in HeLa cells were
monitored by the recovery of cell spreading on fibronectin-coated plastic (5 µg/ml, overnight) after plasma membrane stripping of the cells with
Proteinase K. Membrane stripping was performed as described under Materials and Methods. The percentage of spread cells was determined
visually under a microscope from a sample of 200 cells after different incubation times at 37°C. When indicated (+CHX), the cells were
pretreated with cycloheximide (100 µg/ml) for 15 minutes at room temperature, and the cycloheximide concentration was maintained
throughout the experiment. (B) Exocytosis of α5β1 integrins is delayed in AT22 cells as compared to parental HeLa cells. Control or stripped
cells were incubated at 37°C in suspension in α-MEM medium for various indicated times. The cells were then cytospinned and fixed with
paraformaldehyde without permeabilization. Immunofluorescence labeling of cell surface integrins was achieved with the anti-β1 9EG7
monoclonal antibody, followed by rhodamine-conjugated secondary antibody. (C) Quantification of surface expression of β1 integrins after
membrane stripping. The recovery was estimated according to the following formula: Surface fluorescence at time t – non-specific surface
fluorescence / Surface fluorescence of control – non-specific fluorescence.

Targeting of talin and other cytoskeletal-associated
proteins to the structures related to the secretory
pathway
Our work indicates that talin can localize at the cell membrane
and at the level of structures associated to the secretory
pathway. This dual localization at the plasma membrane and
around the nucleus seems to be shared by a number of actinbinding proteins that have been shown to be localized in the
Golgi apparatus (Stow et al., 1998). For instance, myosin I,
which supports transport of vesicles along actin filaments
towards the barbed membrane attached end (Fath et al., 1994),
and paxillin, a focal adhesion component (Mazaki et al., 1998).
In addition, isoforms of spectrin and ankyrin have been
proposed to be involved in tethering Golgi to microtubules,
while a family of large coiled-coil proteins of unknown
function often appears as Golgi autoantigens in autoimmune
responses. Bearing in mind that each isoform might be

restricted to different localizations as was shown for paxillin
(Mazaki et al., 1998), spectrin (Beck et al., 1994) and ankyrin
(Beck et al., 1997), the recent identification of a novel talin
isoform may have a functional significance (McCann and
Craig, 1998). The precise role of all these proteins associated
with Golgi is unclear, but presumably they may either be
responsible for regulating events in the Golgi itself or stored
on Golgi for further release to sites elsewhere in the cell.
Obviously, some proteins peripherally associated with Golgi
membranes can bind specifically to the cytoplasmic tails of
Golgi-localized membrane proteins. The N-terminal head of
talin has been recently reported to encompass the major
binding site for the β1 and β3 integrin heterodimers (Patil et al.,
1999; Calderwood et al., 1999). However, this interaction
depends on integrin occupancy by a matrix substrate
(Miyamoto et al., 1995; Vignoud et al., 1997). Conversely, the
talin carboxy-terminal rod can bind the β1 and β3 cytoplasmic
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Fig. 5. Exocytosis of the ICAM1 receptor in HeLa and AT22 cells.
The kinetics of exocytosis of the ICAM-1 receptors in HeLa cells
and AT22 cells were monitored by the recovery of anti-ICAM-1
monoclonal antibody at the cell surface after plasma membrane
stripping of the cells with Proteinase K. Membrane stripping was
performed as described in Materials and Methods. Stripped cells
were incubated at 37°C in suspension in α-MEM medium for various
indicated times. The cells were cytospinned and fixed with
paraformaldehyde without permeabilization. Immunofluorescence
labeling of cell surface ICAM1 was achieved with the anti-ICAM-1
monoclonal antibody, followed with rhodamine-conjugated
secondary antibody. There was no difference between ICAM-1
export in HeLa cells and in AT22 cells.

domains (Horwitz et al., 1986). Talin was recently shown to
bind the cytoplasmic tail of unliganded β2 integrins (Sampath
et al., 1998). It is tempting to hypothesize that this kind of
interaction occurs in the Golgi apparatus since early interaction
of talin with α5β1 may involve the fibronectin-free integrin. On
the other hand, for other Golgi-associated proteins, the
targeting region is a sequence at the N terminus that includes
sites for lipid modification (Munro, 1998). Indeed, the N
terminus of talin has been reported to bind phospholipids
(Niggli et al., 1994). This type of interaction might be
important or might stabilize talin/integrin interaction within the
Golgi apparatus.
How does talin control the exit of α5β1 from ERGIC?
Talin was discovered as a component of focal contacts at the

Fig. 6. Interaction of α5β1 with the Golgi/ER compartment.
(A) Coimmunoprecipitation of talin with the integrin α5β1 located in
the microsomal fraction of HeLa cells. Microsomal preparations
from HeLa cells were resuspended in NP40/glycerol buffer. About
300-500 µg of proteins were mixed with antiserum raised against
α5β1. The precipitated material was separated by SDS-PAGE under
reducing conditions, transferred to a nitrocellulose membrane and
probed with anti-talin monoclonal antibody (lane 2) followed by
ECL detection of an anti-mouse IgG secondary antibody coupled to
HRP. As a control, talin was also detected directly from 30 µg of
microsomal membranes on the same gel (lane 1). Talin present in the
endoplasmic fraction (lane 3) was not detected in the immune
complex precipitated with non-immune serum (lane 4). (B) Lack of
ternary complex between α5β1 talin and calnexin. Lane 1 shows
western blots of talin from about 30 µg of microsomal fraction. The
presence of talin was also detected in immune complexes carried out
with antisera directed against α5β1 (lane 2) but not in those obtained
with anti-calnexin (lane 3). Conversely, in anti-calnexin immune
complexes, the immature form of the human subunit β1 was detected
with the monoclonal antibody TS2/16 (lane 4) whereas no signal was
detected after immunoprecipitation with a non-immune serum (lane
5). Lane 6 shows the position of the immature and mature forms of
β1 subunit of HeLa cells detected with the TS2/16 monoclonal
antibody. The asterisk and double asterisk indicate the position of
mature and immature forms of β1 integrin, respectively.

leading edge of migrating cells (Burridge and Connell, 1983).
It belongs to the FERM domain family, which includes proteins
such as ezrin, moesin, radixin, band 4.1, protein tyrosine
phosphatase PTPD1, etc. This family is characterized by the
presence of a unique module involved in the linkage of
cytoplasmic proteins to the membrane (Rees et al., 1990). The
conservation of this domain suggests that some of the partners
or functions might also be conserved. To date, proteins
interacting with the FERM domain have been ill characterized.
However, using the FERM domain of the protein-tyrosine
phosphatase PTPD1 as a bait in a yeast two-hybrid screen, the
kinesin-like protein KIF1C has been recently identified
(Dorner et al., 1998). Although the evaluation of the
physiological relevance of this interaction is still in progress,
the association of a kinesin-like motor protein with a FERM
domain is reminiscent of the involvement of talin in integrin
trafficking. Interestingly, unconventional myosin VIIa and
myosin X also belong to the FERM protein family. These actinbased motors are now known to be intimately involved in
vesicle trafficking (Titus, 1997; Mermall et al., 1998).
Therefore, talin may link integrin-containing cargo vesicles to
molecular motors involved in vesicle transport along the
cytoskeleton network. At present, we cannot rule out an
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Fig. 7. Accumulation of intracellular β1 integrins after microinjection
of antibodies directed against talin. HeLa cells were microinjected
with anti-talin polyclonal antibodies (A,B) or with non-immune
serum (C,D). Cells were fixed 3 hours after microinjection and
stained either with rhodamine-conjugated goat anti-rabbit to aid
identification of microinjected cells (A,C) or with TS2/16
monoclonal antiboby followed by Alexa-conjugated goat anti-mouse
to visualize localisation of β1 integrin (B,D). Microinjection of antitalin polyclonal antibodies (A) generates accumulation of β1 integrin
around the nucleus (B) whereas there is no intracellular pool of β1
integrin accumulated in non-immune serum-microinjected cells (D).

alternative possibility that talin itself contains membrane
targeting information.
Generally, truncation of both α and β cytoplasmic domains
results in both inefficient endoplasmic reticulum exit and
reduced or complete loss of cell surface delivery that could be
ascribed to some misfolding of the receptor. One can imagine
that talin would act as a folding factor for newly synthesized
integrins. However, deletion of only the cytoplasmic domain
of the β1 subunit still allows integrins to reach the plasma
membrane normally, while the interaction of talin with integrin
is likely to be dramatically impaired (Retta et al., 1998). This
result strongly suggests that talin itself may not play a direct
role in integrin transport. Another explanation is that the early
interaction of talin with integrins would disclose a targeting
signal on the cytoplasmic tail of the α subunit. In ERGIC,
several targeting signals have been described to date. The
sequences KKXX-COOH or KXKXX-COOH are retrieval
signals of escaped resident proteins of ER (Cosson and
Letourneur, 1994; Jackson et al., 1990). Conversely, a
diphenylalanine motif close to the transmembrane segment
followed by two or three basic residues is found in the p24
family of cargo receptors and was suggested to promote
efficient anterograde transport (Fiedler et al., 1996). Finally, a
DXE export motif has been described as an export signal from
ER (Nishimura and Balch, 1997). Τhe sequence analysis of the
integrin cytoplasmic domains revealed neither a retrieval
dilysine sequence, nor diacidic export signals. However, the
membrane-proximal domain of the integrin α subunit contains
a motif of five amino acid residues, GFFKR, conserved in all
α chains described to date. This motif has already been shown
to be involved in the efficient formation and the stability of the
heterodimer (Pardi et al., 1995; DeMelker and Sonnenberg,
1996). However, when the cytoplasmic domain of the β subunit

is deleted, the heterodimer αβ reaches the cell surface solely
when the deletion of the α cytoplasmic domain preserves this
conserved GFFKR motif (Briesewitz et al., 1993; Peyruchaud
et al., 1998). In that case, due to the lack of the β cytoplasmic
tail, the sequence GFFKR is totally unmasked and does not
require further talin interaction for disclosure. Besides its role
in integrin heterodimerization, the sequence GFFKR may act
as an integrin export signal from the ERGIC. This could
explain why deletion or point mutations in this sequence
prevent the export of the integrins (Pardi et al., 1995; DeMelker
and Sonnenberg, 1996; Peyruchaud et al., 1998). Thus, we
suggest that binding of talin to integrin discloses an export
signal within the GFFKR conserved sequence that would
promote the interaction with coatomer and selective packaging
of the integrins into distinct COP-I anterograde vesicles. In this
regard, it has recently been reported that the talin head could
bind the membrane-proximal region of the integrin
cytoplasmic domain (Patil et al., 1999; Calderwood et al.,
1999), inducing a conformational change, which in turn may
expose the GFFKR motif as an export signal. The availibility
of talin for binding to integrin in ER could be a way to regulate
integrin entry into the secretory pathway and, therefore, the
amount of integrin available for adhesion functions at the cell
surface.
Finally, control of the exit of plasma membrane receptors
from ER or ERGIC by cytoplasmic proteins interacting with
them may not be restricted to integrins. For instance, β-catenin,
a cytoplasmic protein known to interact with its receptor
cadherin, has been proposed to act as a chauffeur, to facilitate
transport of E-cadherin out of the ER (Chen et al., 1999).
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