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Integrins are a family of cell-surface receptors for
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The mapping of regions within integrin cytoplas-
ic domains responsible for the different effects on

ell behaviour is an important part of an analysis of
ntegrin-mediated signalling. In order to facilitate
his analysis in primary cells, we have used cell-
ermeable homeopeptides to deliver sequences
imicking parts of the integrin b1 cytoplasmic do-
ain into the cell. In a study using oligodendrocyte

recursors, the cells that give rise to myelin-forming
ligodendrocytes during CNS development, we show
hat these peptides can be used to manipulate b1
ntegrin signalling and that the regions of the cyto-
lasmic domain involved in migration and survival
re distinct. Peptides mimicking the N-terminal por-
ion of the cytoplasmic domain previously impli-
ated in binding to Focal Adhesion Kinase (FAK)
nduce apoptosis, while peptides mimicking more
-terminal sequences do not cause cell death. In
ontrast they show that the NPIY sequence, the
-terminal one of two NPXY motifs previously impli-
ated in signalling, is involved in migration. Pep-
ides containing this sequence promote migration
hile alteration of NPIY to NPIA makes the peptide

nhibitory to migration. Our results show that these
eptides represent a novel approach to integrin sig-
alling that allow rapid definition of critical cyto-
lasmic sequences in primary cells. © 1999 Academic Press

Key Words: integrins; cell-permeable peptide; oligo-
endrocyte precursor; myelin; migration; NPXY motif;
poptosis; FAK; PDGF; FGF-2.
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xtracellular matrix and cell-surface ligands. Each
unctional integrin molecule is formed by a dimer of
ne a and one b chain, with the combination of a and b
hains determining ligand specificity (reviewed in (1)).
oth the a and b chains have short cytoplasmic do-
ains which have been implicated in two forms of

ignaling: outside-in signaling, where ligand occu-
ancy can activate a number of different downstream
ignaling molecules including focal adhesion kinase
FAK), mitogen-activated protein kinase (MAPK) and
-I-3 kinase (2-6); and inside-out signaling where the
ffinity of the integrin for extracellular ligands is reg-
lated by interactions with cytoplasmic molecules in-
luding H-ras, R-ras, CD98 and b3-endonexin (7-10).
xperiments using antibodies or peptides to perturb

igand binding to integrins have suggested important
oles for integrins in cell proliferation, migration, sur-
ival and differentiation during development (11-15),
nd also in events associated with tumour formation
nd repair such as angiogenesis (16,17). In the case of
he b1 subunit, some of these roles such as extracellu-
ar matrix assembly and cell proliferation have also
een supported by genetic ablation experiments using
ells derived from knock-out mice (18,19). These re-
ults point to a central role for b1 integrins in the
egulation of cell behaviour and emphasise the need to
nderstand how these integrins interact with down-
tream adaptor and signaling molecules to control in-
racellular regulatory pathways.

An important initial step in an analysis of b1 signal-
ng pathways is to establish the precise regions of the
ytoplasmic domain that initiate activation of the dif-
erent signaling molecules. Two approaches have been
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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taken to these mapping studies. First, short peptides
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imicking the different regions of the cytoplasmic do-
ain have been used in vitro to establish whether they

ind directly to molecules known to contribute to ad-
esion complexes (20,21); these methods have demon-
trated binding to the molecules FAK, paxillin and
-actinin (22-24). Second, cells have been transfected
ith mutant b1 integrins with point mutations or de-

etions within the cytoplasmic domain and the sub-
nits analysed for their ability to participate in normal
dhesion complex formation and signaling (25-32).
hese experiments have been performed either by
ver-expression of b1 subunits from different species
ocalised using species-specific antibodies or by trans-
ecting cells derived from the b1 integrin knock-out

ouse. However, all these approaches have significant
isadvantages; analysis of the effect of peptides on cell
ehaviour has required direct injection of peptide into
ndividual cells, while the transfection experiments re-
uire that cell lines are established, making it difficult
o use primary cells. However, it is obviously important
o analyse integrin function in primary cells as they
xhibit the full behavioural phenotype of cells in vivo to
greater degree than established cell lines.
Our interests are focused on the function of integrins

n central nervous system development, using the oli-
odendrocyte precursor (OPC) that gives rise to
yelin-forming oligodendrocytes as a model system.
hese cells migrate, proliferate and then differentiate
r undergo programmed cell death in vitro just as they
o in vivo (33-38). We have shown previously that
hese cells express a6b1, avb1, avb3, avb5 and avb8
ntegrins, with developmental switching of the av in-
egrins during differentiation (39,40). Antibody block-
ng experiments have shown that b1 integrins have
oles in oligodendrocyte precursor migration and sur-
ival ((12) and unpublished observations), and the aim
f this present study was to initiate an analysis of the
ignaling pathways involved by mapping the regions of
he b1 cytoplasmic domain involved in these two re-
ponses. In order to overcome the problems above, we
ave used a novel approach to b1 integrin signaling in
hich short peptide sequences mimicking different re-
ions within the cytoplasmic domain are internalised
y synthesising them in conjunction with a 16 amino
cid sequence derived from the homeodomain of the
ntennapedia protein (41). Such homeopeptides are
ble to translocate across cell membranes and have
een used previously to examine FGF receptor-
ediated signaling (42), while peptides using a hydro-

hobic, signal peptide sequence to render them cell-
ermeable have been used to block b3 integrin function
43). Here we show that this approach allows rapid
unctional mapping of the b1 integrin cytoplasmic do-
ain in primary cells.
122
Peptide synthesis. The antennapedia internalisation sequence,
orming the first (NH2) portion of all peptides, was RQIKIWFQNR-
MKWKK. Peptides Hom1, Hom2 and Hom3 were synthesised on a
31A Applied Biosystem peptide synthesiser using p-Hydroxy-
ethylphenoxymethyl polystyrene resin and standard Fmoc chem-

stry as previously described (44,45). Other peptides were synthe-
ised by Genosys and by MWG Biotech Ltd, followed by HPLC
urification to .95% purity. The amino acid sequences of the
ntegrin-derived sequences that consituted the COOH portion of the
eptides are shown in Table 1.

Cell culture. Minimal essential medium (MEM), Dulbecco’s MEM
DMEM, with glucose, sodium pyruvate and pyridoxine) and Hanks
uffered Saline Solution (calcium and magnesium-free, HBSS) were

rom Sigma. Sato solution was DMEM supplemented with bovine
nsulin (Sigma, 5mg/ml), human transferrin (Sigma, 50mg/ml), bo-
ine serum albumin (BSA) fraction V (Sigma, 100mg/ml), progester-
ne (Sigma, 6.2ng/ml), putrescine (Sigma, 16mg/ml), sodium selenite
Sigma, 5ng/ml), T3 (Sigma, 400ng/ml), T4 (Sigma, 400ng/ml),
-glutamine (Sigma, 4mM), penicillin and streptomycin (Sigma).
FG and DFG solutions were made by adding 10% fetal calf serum

FCS, Sigma) and L-glutamine (Sigma, 4mM) to Sato and DMEM
espectively. Differentiation medium consisted of Sato solution plus
.5% heat-inactivated FCS (TCS Biologicals) and 20ng/ml of TGFb1
human recombinant, R&D Systems). Trypsin-EDTA solution con-
ained 9mls of HBSS with 1ml of 10x Trypsin-EDTA solution
Sigma, 25mg/ml trypsin, 10mg/ml EDTA). Ovomucoid trypsin in-
ibitor (OTI) solution was made from L15 medium (Sigma) with
.6mg/ml bovine serum albumin (Sigma, fraction V) and 1.125mg/ml
f trypsin inhibitor (Boeringher-Mannheim). Poly-D-lysine (PDL)
re-coating of flasks and dishes was with PDL solution (Sigma
300kD molecular weight, 5mg/ml in sterile distilled water (dH2O))

or at least 1 hour at room temperature, and washed once with dH2O.
All cell culture was carried out at 37°C with 7.5%CO2. Purified

ligodendrocyte precursors were obtained from neonatal rat fore-
rains by the method of McCarthy and de Vellis (46) with modifica-
ions. Briefly, forebrains from post-natal day 0-2 Sprague-Dawley rat
ups were dissected free of meninges, and minced with fine scissors.
hey were then incubated for one hour in a solution of 30U/ml papain

Worthington), 0.24mg/ml cysteine (Sigma) and 40mg/ml DNAase I
ype IV (Sigma) in 1ml MEM (as described in (38)). Supernatant was
hen removed, 1ml of OTI solution was added and the cells dissoci-
ted by trituration through a 1ml pipette tip, followed by a 21-gauge
eedle. Cells were then centrifuged and resuspended in DFG solu-
ion and plated out in Falcon flasks pre-coated with PDL. Medium
as exchanged every 3 days. After 10 to 20 days of culture, the flasks
ere placed on a rotatory shaker (New Brunswick Orbital) at
50rpm for 2 hours to remove any loosely adherent microglia. A
ubsequent prolonged shake for 20-24 hours served to dislodge large
umbers of oligodendrocyte precursors from the underlying mono-

ayer (consisting predominantly of astrocytes and fibroblasts) into
he supernatant. The supernatant was retrieved and contaminating
icroglia were removed from it by their differential adherence, dur-

ng a 30 minute incubation, to non-tissue culture plastic petri dishes
Media). This cell suspension was then used for survival and migra-
ion assays.

Survival assays. The cell suspension obtained as above was cen-
rifuged, triturated briefly in 1ml of Sato solution, and resuspended
n SFG solution, in the presence of FGF-2 (Peprotech, recombinant
uman, 10ng/ml). This suspension (10mls per shaken flask) was
lated into a Nunc tissue culture dish pre-coated with PDL, and
ultured for 4-5 days at 37°C; FGF-2 was replaced daily at 10ng/ml.
ells form these enriched OPC cultures were used on day 4 or day 5

or survival assays. To obtain these cells, the cultures were
rypsinised in 6ml Trypsin-EDTA solution for 6 minutes at 37°C,
efore being stopped with 2mls of OTI solution. The resulting cell



suspension was then centrifuged and resuspended in Sato solution.
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or all assays cells were then plated at 5000/well in 96 well Microtest
II tissue culture plates (Falcon), with cell numbers calculated using
haemocytometer. Prior to plating, wells were precoated with poly-
-lysine (Sigma) at 10mg/ml overnight, before being washed once
ith dH2O. Merosin (human placental, GibcoBRL-Life Technologies)
as diluted to 25mg/ml in PBS prior to coating for 4 hours at 37°C.
ells were then blocked for at least 30 minutes with 0.3% heat-

nactivated BSA (fraction V, Sigma) before being washed once with
BS and plated with cells. BSA was heat-inactivated by incubation

n a water bath at 80°C for 30 minutes. Cells were added in 100ml
liquots to wells already containing 100ml of Sato solution with
rowth factors PDGF and FGF-2 to produce final concentrations
ach of 25ng/ml. The plates were spun for 2 minutes at 500rpm in a
orvall RT6000B centrifuge to obtain an even spread of cells before
eing incubated at 37°C in 7.5% CO2 either overnight or for 4 days
epending upon the assay.
The number of live cells was assessed by MTT assay as described

y Barres et al (38). Briefly, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyl tetrazolium bromide, Sigma) was dissolved in PBS at
mg/ml and filter sterilised. This was added to the cultures at 1:20
ilution for 20 minutes at 37°C; a dark blue formazan reaction
roduct is produced by the mitochondria of live cells, allowing sur-
iving cells to be counted. One or two low power fields per well were
ounted by phase at 48 hours, peptides were then added, and the
ame field(s) counted again by MTT 6 hours later. Surviving cells 6
ours after addition of peptide are given as a percentage of the
umber of cells in the same field immediately prior to addition. In
ach experiment values were averaged from duplicate wells for each
ondition, and each experiment was repeated three times. Results
re given as mean 6 standard error; statistical significance was
ssessed by paired Students’ t-test.

TUNEL assay. For TUNEL assays enriched OPCs were plated
ut as above, but in SFG solution and in 16-well chamber slides
ather than 96-well plates. At the end of 4 days, an equal volume of
% paraformaldehyde was added and the cells fixed for 30 minutes at
oom temperature. The chambers were then removed and the assay
erformed on the fixed cells. In the TUNEL assay nick-end labelling
f the fragmented DNA within apoptotic nuclei relies on the Termi-
al deoxynucleotide transferase (Tdt) enzyme; the assay was carried
ut using the Apoptag Kit from Oncor/Appligene with methods ac-
ording to the manufacturer’s instructions. Staurosporin as control
n these assays was used at 2mM as described by Jacobson et al (47).

Migration assays. Cell migration was measured using the aga-
ose drop migration assay (12). Briefly, the oligodendrocyte precur-
ors were obtained as described above from whole brain cultures, the
uspension was centrifuged and resuspended in 20ml of SATO media
ontaining 10% FCS and 0.3% low melting point agarose (Sigma)
aintained at 37°C to prevent setting of the agarose. A 24 well

ulture dish (Nunc) was pre-coated with poly-L-ornithine (Sigma)
vernight at room temperature, before washing once with dH2O. The
ell suspension was then applied in 1.5ml drops to the centre of each
ell, and this was placed at 4°C for 10 minutes to allow the agarose

o partially solidify. The cell drops were then immediately sur-
ounded by 50ml of a 50:50 solution of SATO media to DFG in order
o prevent the cell drops drying. The cooled drops were then covered
ith 0.45ml of serum-free SATO media containing both PDGF and
GF-2 to a final concentration of 10ng/ml. Cell migration was mea-
ured at 24 hour intervals over a period of five days using a phase
icroscope at low power with a calibrated eyepiece graticule. Cells

ended to migrate out to form a uniform corona around the drop. At
ny one time point, the distance between the edge of the drop and the
eading edge of the processes of migrating cells within the corona was
ecorded on four sides of the drop, and a mean calculated using these
gures. Any apparent anomalies such as individual cells which may
ave migrated ahead of the corona or dislodged cells were not in-
luded in the measurement of migration. Homeopeptides were added
n day 1 after plating, by removing 120ml of the surrounding media
123
ach homeopeptides. Within single experiments, each condition was
ested in triplicate. The mean migration was calculated for each
xperiment, and the results were expressed as the mean 6 standard
rror of three separate experiments. Statistical significance was
ssessed by using the Student’s paired t-test.

Pre-incubation with Hom3. In order to exclude the possibility of
om3 acting extracellularly, OPCs were also pre-incubated with
om3, before resuspension in agarose. After the initial centrifuga-

ion the cells were resuspended in SATO media (defined above)
ontaining Hom3 at concentrations of 0.7, 1.4 or 2.8mM or an equiv-
lent volume of phosphate buffer solution (control), and incubated
or 30 minutes. The cells were washed once in SATO media prior to
final centrifugation and suspension in an agarose drop and plating
s before. Migration of the cells was assessed as above, with the
xperiment repeated three times.

ESULTS

In order to analyse the role of the b1 integrin cyto-
lasmic domain in oligodendrocyte behaviour we ex-
mined the effect of cell-permeable peptides corre-
ponding to different portions of the cytoplasmic
omain on cell survival and on cell migration. In our
nitial experiments three peptides linked to a 16 resi-
ue sequence from the drosophila antennapedia pro-
ein known to be capable of transporting peptides
cross cell membranes (41) were synthesised with se-
uences of 20 residues in length corresponding respec-
ively to the membrane-proximal sequence, the central
equence and the C-terminal sequence of the b1 cyto-
lasmic domain. These peptides (termed Hom1, Hom2
nd Hom3) are shown in Table 1.
To test the effect of the peptides on cell survival, they
ere added to cultures of OPCs previously grown in the
resence of FGF-2 for 4-5 days; these cells are synchro-
ised by FGF-2 at a stage of precursor differentiation
t which they remain responsive to the effects of
DGF-AA (48) and do not express markers of differen-
iation such as O1 and MBP (49). OPCs were plated in
he presence of FGF-2, PDGF and different concentra-
ions of the three homeopeptides onto substrates of
erosin (laminin-2); this substrate provides a ligand

or the a6b1 integrin which is expressed on the cells
39), and which is implicated in survival signaling by
ntibody blocking studies (Frost, Buttery, Milner and
french-Constant, unpublished observations). Survival
f the cells was ascertained 6 hours after plating by the
TT assay as described in materials and methods. The
embrane-proximal peptide Hom1 caused cell death

t concentrations at which both Hom2 and Hom3 have
o effect on survival (Fig. 1). To assess whether cells
ere undergoing apoptosis in the presence of Hom1,

ells were exposed to the peptide or to staurosporine
2mM), known to induce apoptosis in oligodendrocyte
recursors (47). After 4 days, cells were then fixed
nd stained by Apoptag assay. As shown in Fig. 2,
oth cells exposed to staurosporin and Hom1 undergo
poptosis.
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In order to test the effect of the peptides on cell
igration, they were added to OPCs in an agarose drop
igration assay; this assay has been used previously in

his laboratory to show that the avb1 integrin is re-
uired for oligodendrocyte precursor cells migration
12). Experiments were carried out in the presence of
rowth factors PDGF and FGF-2 to prevent differenti-
tion and stimulate migration. As shown in Fig. 3A,
t 1.4mM Hom2 and Hom3 enhanced migration over
ontrol whereas Hom1 had an inhibitory effect. This
nhibitory effect was observed at a lower concentration
han that sufficient to cause apoptosis (Fig. 1). In order
o show that the effects of the peptides on migration
ere specific and a consequence of peptide internaliza-

ion rather than an effect on the substrate, we pre-
ncubated the cells in Hom3 for 30 minutes and then
ashed the peptide out of the tissue culture medium
efore plating the cells in the migration assay. The
ro-migratory effect of Hom3 was still observed, with
he cells showing enhanced migratory speeds for at
east 3 days after exposure to the peptide (not shown).

Our finding that both Hom3 and, to a lesser extent,
om2 promoted migration focuses attention on the
mino acids within the overlap as being involved in

FIG. 1. Effect of Hom1, Hom2 and Hom3 on survival. Peptide
as added to cell on day 2 after plating in Sato medium with growth

actors PDGF and FGF-2 each at 25ng/ml. Survival was assessed 6
our after plating by MTT assay. Results are mean 6 standard error.
tatistical significance from conditions without peptide are calcu-

ated by paired Student’s t-test (* 5 p,0.05).

Sequence of b1 Integrin C

KLLMIIHDRREFAKFEKEKMNAKWDTGENPIYKSAVTTVVN
MIIHDRREFAKFEKEKMNAK

KMNAKWDTGENPIYKSAVTT
ENPIYKSAVTTVVNPK
ENPIAKSAVTTVVNPK
ENPIYKSAVTTVVNPK
ENPIAKSAVTTVVNPK
ENPIYKSAVAAVVNPK

Note. The sequence of the b1 integrin cytoplasmic domain peptides
ere attached at their -NH2 terminal to the antennapedia sequenc
ithout HPLC purification; other peptides were HPLC-purified to .
124
ntegrin-mediated migration. Previous studies have
hown that, within this region, the NPIY sequence
which represents the N-terminal one of two NPXY

otifs that are highly conserved in several integrin b
ytoplasmic domains) is important for migration in
ther systems (31,50), while the two threonines (-TT-)
ave been implicated in cell adhesion (32). For our next
et of experiments we therefore generated a purified
eptide (.95% purity following HPLC) corresponding
o the original Hom3 which contained both NPXY mo-
ifs (called BPEP3—see Table 1), and also purified
eptides with mutations of the tyrosines in either or
oth NPXY motifs (BPEP4-6—see Table 1). Using such
eptides we were able to observe significant differences
n the effects on migration. Altering the N-terminal
PIY to NPIA resulted in a peptide that was now

nhibitory to migration (Fig. 3B); this result was dupli-
ated by the substitution of the tyrosines of both of the
PXY motifs (i.e. NPIY to NPIA, and NPKY to NPKA).
owever, an isolated change of the C-terminal NPKY

o NPKA, or changing the -TT- to -AA- in the centre of
he peptide (BPEP7—see Table 1), generated peptides
hat, in contrast to Hom3, had no effect on migration
Fig. 3B).

ISCUSSION

Three significant conclusions can be drawn from this
ork. First, cell permeable peptides can be used to

nvestigate integrin signaling in primary cells by map-
ing the regions of the cytoplasmic domain involved in
ifferent aspects of cell behaviour. Second, the region
f the cytoplasmic domain adjacent to the membrane is
nvolved in cell survival signaling in oligodendrocyte
recursor cells. Third, the N-terminal NPXY motif
lays an important role in the control of cell migration
n these cells.

A peptide corresponding to the membrane-proximal
egment of the b1 integrin cytoplasmic domain caused
he cells to undergo apoptosis. Two lines of evidence
uggest that this is a sequence-specific effect of this
eptide. First, two other peptides mimicking integrin

plasmic Domain Peptides

YEGK b1 integrin cytoplasmic domain
Hom1
Hom2

K Hom3/BPEP3
K BPEP4 (A/Y)
K BPEP5 (Y/A)
K BPEP6 (A/A)

GK BPEP7 (AA)

given at the top, with the -COOH terminal at the right. All peptides
eptides Hom1, Hom2 and Hom3 were synthesized to .60% purity

purity.
yto

PK

YEG
YEG
AEG
AEG
YE

is
e. P
95%
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ytoplasmic domain sequences (Hom 2 and 3), synthe-
ised in an identical manner, had no effect on survival
n the conditions used for our assay. Second, experi-

ents with 12 other peptides synthesised using meth-
ds identical to Hom 1-3, and containing the antenna-
edia sequence coupled to sequences mimicking parts
f other intracellular signalling molecules, have not
hown any effects on cell survival at concentrations
qual or greater than 10mM (P Doherty, unpublished
bservations). Hom 1, in contrast, caused more than
0% of the cells to die at this concentration. Our results
ith Hom 1 corroborate previous findings using in-

ected peptides that a C-terminal sequence is impor-
ant for anchorage-dependent cell survival in fibro-
lasts, possibly through an interaction with the protein
inase pp125-FAK (51). Just as in our study where
eptides entered the cell as a result of the attached
omeodomain sequence, these authors found that in-

ected peptides mimicking more carboxy-terminal re-
ions of the cytoplasmic domain had no effect on sur-
ival. Hypothetically, the exogenous peptide could
ompete with endogenous b1 integrin sequences for
inding to FAK, paxillin or other cytoplasmic proteins
mportant for formation of integrin-based signaling
omplexes. The identification, using in vitro assays, of
wo acidic amino acids (aspartic and glutamic acid) in
he sequence KLLMIIHDRREFA that are required for
AK binding (24) suggests that further studies using
om1 peptides with point mutations in these and other

esidues will enable the integrin-associated signaling
olecules to be identified.
The two more C-terminal peptides, Hom2 and Hom3,

nhance migration of the precursors under conditions
n which differentiation of the cells is inhibited by the
resence of PDGF and FGF-2 in the medium. The most
-terminal peptide Hom3 shows the most dramatic

FIG. 2. Oligodendrocyte precursor cells exposed to Hom1 undergo
om1 (A, 30mg/ml), staurosporin (B, 2mM), or PBS (C). Homeopeptid
ere then stained with Apoptag assay kit. Imaging was by laser confo

arrows in A) showing apoptosis in this assay are seen in Hom1 and
BS (C).
125
nhancement of migration, and it is this peptide that
ncludes the two NPXY motifs, previously termed
yto-2 and cyto-3 (27), that have been shown in trans-
ection studies to be important for integrin-mediated
dhesion and focal adhesion localisation as well as cell
igration (26,27,50,52-54). Cell permeable peptides

ave previously been used in cell lines and in macro-
hages to show that the C-terminal region of the b1
nd b3 cytoplasmic domains are important for cell
dhesion and spreading (43,55). In both of these pre-
ious studies the region defined has included both of
hese C-terminal tyrosine residues, but the critical se-
uences were not further defined. Our study signifi-
antly extends this approach in a different integrin by
apping two different integrin-mediated effects to dif-

erent regions of the cytoplasmic domain and also by
efining a functional role for the N-terminal NPXY
otif, whose sequence is NPIY. This latter conclusion

tems from the two findings. First, Hom 2, which con-
ains the N-terminal but not the C-terminal NPXY
otif, also promotes migration. Second, our structural

nalysis in which either or both of the two tyrosines are
hanged to alanine show that mutations in the
-terminal motif produce peptides that have no effect
n migration (as do peptides with a double mutation of
wo central threonine residues) while those in the
-terminal motif now inhibit migration.
Our poor understanding of the mechanisms by which

he two NPXY motifs interact with signaling molecules
nvolved in both inside-out and outside-in signaling

akes it difficult generate a precise model to explain
ll our results. Models based on the peptides stimulat-
ng migration directly by triggering downstream path-
ays or indirectly by altering cell adhesion are equally

easible. In the former case, Hom3 itself could initiate
ownstream signaling by binding pro-migratory sig-

ath by apoptosis. Examples of Apoptag staining in cells treated with
ere added at day 1 to cells in SFG medium and fixed on day 4; they

microscopy (scale is in mm). Note that many intensely stained nuclei
urosporin (A and B) but only occasional apoptotic cells are seen in
de
es w
cal
sta
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alling molecules and then inducing conformational
hanges such as phosphorylation, which in turn lead on
o the activation of downstream molecules. The effect
f the NPIA mutation in inhibiting migration could
hen be explained by the peptide binding the pro-
igratory molecules while not allowing subsequent

hosphorylation (so acting as a dominant negative for
igration signalling), while the lack of effect of the

eptides with mutations in the threonines or in the
-terminal NPXY could reflect their inability to bind

he pro-migratory molecules. In the latter case, in
hich changes in migration are secondary to changes

n adhesion, at least two further models are possible.
irst, studies on inside-out signaling have shown that
he N-terminal NPXY sequence plays an important
ole in this respect as mutations of this sequence
NPIY to IPIY/NPIA/YTRF) can abolish activation of
he b1 integrin as measured by binding of activation-
pecific antibodies to chimeric integrin subunits with
1 cytoplasmic domains (56). The resulting changes in
ell adhesion could promote migration by optimizing
ell-substrate adhesion for motility (57). Second, pre-

FIG. 3. (A) Inhibition and stimulation of OPC migration by dif-
erent b1 integrin cytoplasmic domain peptides. Migration was as-
ayed by agarose drop assay as described over 5 days. Peptides were
dded 1 day after initial plating, each at a concentration of 1.4mM.
istance migrated over 5 days under each condition is given relative

o distance migrated without peptide. Results are plotted as mean 6
.e. of three separate experiments. (B) Inhibition and stimulation of
PC migration by the C-terminal b1 integrin cytoplasmic domain
eptide Hom3/BPEP3 and by mutated peptides. All peptides were
urified to .95% purity. Migration of OPCs was assayed by agarose
rop assay as described, over 5 days. Peptides were added 1 day after
nitial plating, and distance migrated by the cells over 5 days is
lotted against dose of peptide used on day 1. Results are plotted as
ean 6 s.e. of three separate experiments for each dose of peptide.
126
hat controlled phosphorylation/de-phosphorylation
vents of the tyrosines in the two NPXY motifs is
mportant for regulating the association of individual
ntegrin receptors with adhesion complexes, with the
hosphorylated receptors unable to join such com-
lexes (31). The pro-migratory effect of Hom3/BPEP3
ould then be explained on the basis of peptide-
ediated inhibition of receptor aggregation (possibly

hrough peptide binding to focal adhesion components
uch as talin (53)), with unaggregated receptors then
iffusing freely in the membrane and contributing to
igration. Potentially this is also in agreement with

revious observations that cell-permeable peptide cov-
ring the C-terminal region of b1 and b3 cytoplasmic
omain inhibit integrin-mediated adhesion (43).
Further experiments using mutated peptides com-

ined with immunoprecipitation studies to examine com-
lex formation will distinguish these possibilities and
dd significantly to our understanding of integrin signal-
ing. These experiments and those examining integrin
ignalling in other cell types will be greatly facilitated by
he ease with which the cell-permeable peptides can be
sed to introduce the different sequences into primary
ells. In addition, the ability of the peptides to manipu-
ate distinct integrin-mediated functions as we describe
ere suggests that they may be extremely useful thera-
eutic tools. Current therapeutic strategies based on in-
ibiting integrin function by blocking ligand binding will

nhibit all downstream functions, including those that
ay be beneficial. As a result, unwanted side effects may

merge. The ability to dissect apart the different integrin
ffects by targetting the cytoplasmic domain directly us-
ng cell-permeable peptides will allow the development of

ore effective drug strategies.
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