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Polypyrimidine tract binding protein (PTB) is a widely expressed RNA binding protein. In the nucleus PTB
regulates the splicing of alternative exons, while in the cytoplasm it can affect mRNA stability, translation, and
localization. Here we demonstrate that PTB transiently localizes to the cytoplasm and to protrusions in the
cellular edge of mouse embryo fibroblasts during adhesion to fibronectin and the early stages of cell spreading.
This cytoplasmic PTB is associated with transcripts encoding the focal adhesion scaffolding proteins vinculin
and alpha-actinin 4. We demonstrate that vinculin mRNA colocalizes with PTB to cytoplasmic protrusions and
that PTB depletion reduces vinculin mRNA at the cellular edge and limits the size of focal adhesions. The loss
of PTB also alters cell morphology and limits the ability of cells to spread after adhesion. These data indicate
that during the initial stages of cell adhesion, PTB shuttles from the nucleus to the cytoplasm and influences
focal adhesion formation through coordinated control of scaffolding protein mRNAs.

Polypyrimidine tract binding protein (PTB or hnRNP I) is a
widely expressed RNA binding protein with an affinity for
pyrimidine-rich RNA sequences that have clusters of CUC and
UCU triplets (1, 45). It is predominantly localized to the nu-
cleus, where it controls programs of alternative splicing regu-
lation during neuronal and muscle differentiation (5, 6, 15).
However, PTB is a nucleocytoplasmic shuttling protein with
several reported functions in cytoplasmic mRNA metabolism,
including effects on mRNA stability, translation, and localiza-
tion (42). For example, glucose stimulation of pancreatic beta
cells can induce redistribution of PTB from the nucleus to the
cytoplasm and promote PTB binding to the 3’ untranslated
regions (UTRs) of mRNAs for insulin and other proteins in-
volved in insulin secretion (29). These PTB-bound messages
exhibit enhanced stability, allowing increased insulin produc-
tion (17, 29, 46). Export of PTB to the cytoplasm has also been
reported during viral infection and during cell stress, such as
hypoxia (2, 18, 24, 43). Under such conditions, cap-dependent
translation is inhibited, while PTB-bound viral or cellular
mRNAsS can be translated via cap-independent mechanisms (2,
18, 24, 43).

We previously reported that activation of the protein kinase
A (PKA) pathway and the phosphorylation of PTB serine 16 by
PKA induce its redistribution to the cytoplasm (48). PKA
activation was also shown to induce PTB relocalization and
neurite outgrowth in the neuronal PC12 cell line, where PTB
was found to bind to the 3" UTR of actin mRNA (34). It was
proposed that PTB directed the localization of actin mRNA to
growth cones (34). Exons controlled by nuclear PTB are often
derepressed by the downregulation of PTB during muscle and
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neuronal differentiation (5, 6). These exons are especially com-
mon in proteins involved in cytoskeletal rearrangement and
protein trafficking. However, the relationship between the nu-
clear and cytoplasmic functions of the PTB protein is not yet
clear.

The localization of an mRNA allows synthesis of its encoded
protein at a restricted position in the cytoplasm. This process
plays important roles in locally regulating gene expression in
neurons and in the germ line (36). One of the best-character-
ized examples of mRNA localization in somatic cells is the
B-actin mRNA (10). Singer and colleagues have shown that the
mRNA for B-actin is localized to the leading edge of migrating
chicken embryo fibroblasts (28, 31, 41). This mRNA localiza-
tion requires specific sequence elements within the B-actin 3’
UTR, called zipcode sequences, and a specific set of proteins,
including the zipcode binding protein (ZBP1) (16, 22, 28). This
system allows the local synthesis of the actin protein at sites
where the cytoskeleton is being actively remodeled to push the
edge of the cell forward.

A role for PTB in mRNA localization was discovered in
studies of early development. The localization of Vgl mRNA
to the vegetal cortex of Xenopus oocytes requires PTB as well
as the Vg1-RBP/Vera protein (homologous to chicken ZBP1)
(11). PTB binds to the cis-acting VM1 motif (YYUCU), a site
in the 3’ UTR of Vgl mRNA that is required for its localiza-
tion. Most recently, the Drosophila homolog of PTB was found
to be essential to the proper localization of Oskar mRNA at
the posterior pole of Drosophila oocytes (3). Oocytes carrying
a mutation in PTB show delayed localization of oskar mRNA
and a loss of translational repression during the localization
process. Despite the clear implication of PTB in the localiza-
tion of mRNAs in oocytes and the similarities of these pro-
cesses to actin mRNA localization, the role of PTB in somatic
cell mRNA localization has not been studied. PTB is predom-
inantly nuclear under standard cell culture conditions, and any
role in the cytoplasm is likely to be transient.

Mann and colleagues reported that several primarily nuclear
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RNA binding proteins colocalize with focal adhesion proteins
in the cytoplasm of freshly adhering cells (12). The nuclear
RNA binding proteins hnRNP K, hnRNP E1, and FUS/TLS
were found to relocalize to structures called spreading initia-
tion centers (SICs) that form transiently at the cell periphery
during adhesion and early cell spreading (12). It was suggested
that SICs were sites for localized rapid synthesis of focal ad-
hesion proteins. Neither PTB nor specific mRNAs were iden-
tified in SICs, but PTB was reported as one of several RNA
binding proteins associating with the focal adhesion protein
paxillin in an adhesion-dependent manner (12).

In this report, we show that PTB is relocalized from the
nucleus to the cytoplasm and the cell periphery during early
cell adhesion to fibronectin. During adhesion, cytoplasmic PTB
is associated with mRNAs for focal adhesion scaffolding pro-
teins, and PTB is needed for proper mRNA localization and
cell spreading. These data demonstrate a role for PTB in focal
adhesion formation and the control of cytoskeletal functions,
such as cell migration and attachment.

MATERIALS AND METHODS

Cell lines and reagents. The immortalized RelA™'~ (19) and vinculin™/~ (49)
mouse embyro fibroblast (MEF) cell lines, wild-type MEFs (CRL-2752; ATCC),
and simian virus 40 (SV40)-transformed MEFs were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM)-10% fetal bovine serum (FBS). Primary MEFs
were isolated on embryonic days 12.5 to 14.5, following the protocol outlined
previously (47). HEK293 and HeLa cells were grown in DMEM-10% FBS.
Antibodies used in the study were anti-PTB full-length (FL) polyclonal, anti-PTB
(NT) polyclonal (6), anti-PTB (CT) polyclonal (6), anti-PTB (BB7) monoclonal
(44), anti-nPTB (neuronal homolog) polyclonal (6), anti-vinculin monoclonal
(Sigma), anti-Raver1 (5D5) monoclonal (50), anti-Sam68 polyclonal (Upstate),
anti-hnRNP K monoclonal, anti-Myc (Santa Cruz), antihemagglutinin (anti-HA)
(Santa Cruz), and beta-actin (Novus).

The short hairpin shPTB(A) in the BLS vector was described previously (6).
The short hairpin RNA (shRNA) shPTB(B) was generated by synthesizing the
oligonucleotide CGCGTCCCCGCAGTTGGAGTGACCTTACTTCAAGAGA
GTAAGGTCACTTCAGCTGCTTTTTGGAAAT. A reverse complement hav-
ing Mlul/Clal overhangs was annealed to this sequence. The annealed fragment
was cloned into the Mlul/Clal-digested LV THM vector (Addgene) expressing
enhanced green fluorescent protein (EGFP). The Myc-tagged PTB expression
construct was described previously (48). The EGFP expression vector was from
Clontech.

Cell adhesion. MEFs were incubated for 15 min in 2 ml Hanks’-based enzyme-
free cell dissociation buffer (Gibco). Cells were lifted by adding 8 ml serum-free
DMEM and pipetting up/down repeatedly, vortexed for 3 s to dissociate clumps,
and placed on a rotator at 37°C for 1 h. Cells were pelleted, resuspended in 7 ml
DMEM with 10% FBS by pipetting up/down, and vortexed for 3 s. Resuspended
cells (0.5 ml) were added to fibronectin (human plasma fibronectin; Gibco)-
coated coverslips (25 wg/ml) in a six-well plate with 1 ml medium (DMEM with
10% FBS).

Immunofluorescence. Cells were fixed with 4% paraformaldehyde (PFA) at
room temperature for 10 min, permeabilized with 0.1% Triton X-100 for 10 min,
blocked with 5% bovine serum albumin for 30 min, and incubated with primary
antibody for 1 h and with Alexa Fluor 488- or 568-conjugated secondary antibody
(Invitrogen) for 1 h. Coverslips were mounted on slides using the ProLong Gold
antifade reagent with 4',6'-diamidino-2-phenylindole (Invitrogen).

Image acquisition. Images were acquired using a Zeiss LSM 510 Meta laser
scanning confocal microscope with a Plan-Apochromat 63%/1.4-numerical-aper-
ture oil objective lens, pinhole setting at 1 pm. Analysis was performed using
Zeiss LSM Image Examiner software (v. 4.2).

UV cross-linking and immunoprecipitation. MEFs adhered for 20 min were
washed with cold phosphate-buffered saline (PBS)-5 mM MgCl, and UV irra-
diated in a UV Stratalinker 1800 UV cross-linker (Stratagene) on ice with lid off.
UV cross-linking was with 200 J/m?. Cells from four 15-cm plates were scraped
in 2 ml cold PBS, pelleted, and resuspended with 150 pl of LSB (low-salt buffer)
(20 mM Tris [pH 7.5], 10 mM NaCl, 3 mM MgCl,, 1 mM dithiothreitol, 100
png/ml yeast tRNA, 100 U RNaseOUT [Invitrogen], and 1X EDTA-free protease
inhibitors [Roche]) and placed on ice for 5 min to swell cells. Cells were lysed on
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ice for 5 min after addition of 75 pl of 0.2 M sucrose-1% NP-40 in LSB (final
concentration of sucrose was 66.6 mM, with 0.33% NP-40). Tubes were spun for
5 min at full-speed microcentrifugation at 4°C and the supernatant used for
immunoprecipitation (IP). Lysates were precleared for 1 h with 100 pl Dyna-
beads. IP was 3 h with anti-HA or anti-PTB (NT) cross-linked Dynabeads
preincubated with 100 pg/ml yeast tRNA (100 pl of beads covalently cross-linked
to the Dynabeads according to the manufacturer’s protocol). IP beads were
washed 2X with lysis buffer (LSB with 66 mM sucrose and 0.33% NP-40)
containing 150 mM NaCl, 2X with high-salt buffer (lysis buffer with 500 mM
NaCl), and 2X with lysis buffer containing 0.1% sodium dodecyl sulfate and 0.5%
sodium deoxycholate. Proteinase K was used to treat the IP, phenol-chloroform
extracted, and precipitated RNA. cDNA synthesis with random hexamer primers
using Superscript III reverse transcriptase (Invitrogen) was carried out according
to the supplier’s protocol. Primers used for PCR were as follows: beta-actin,
GCTGCGTTTTACACCCTTTC (forward) and GTTTGCTCCAACCAAC
TGCT (reverse); Src, ACTGTGTGCGCAGAACTGTC (forward) and CACT
GTACCAGCCTCCACCT (reverse); paxillin, ATCCACCAATGGAAAC
TGGA (forward) and GTGAGGTGCTGGCTCTTAGG (reverse); vinculin, CA
GAGTCACTGGGGTGTTAT (forward) and ATGCAGCACTTCAGCT
CAGA (reverse); alpha-actinin 4, TGTGCCCCAGAGATACCTTC (forward)
and CTATGGCAGGTCCTCTGCTC (reverse).

Electrophoretic mobility shift assay (EMSA). Transcripts (75 nucleotides)
shown in Fig. 7 corresponding to the 3'UTR of vinculin having the two CU
repeats were synthesized with T7 polymerase as described previously (44). Tran-
scripts were gel purified, labeled with P32, and incubated with HeLa nuclear
extract for 30 min. Antibodies were added to supershift RNA protein complexes,
which were resolved by electrophoresis on 8% denaturing urea polyacrylamide
gels and subsequently visualized by scanning on a Typhoon phosphorimager.

Riboprobe synthesis. In vitro transcription reactions from a PCR fragment of
the vinculin 3" UTR were carried out with aminoallyl UTP (Sigma) according to
Ambion’s published protocol. Primers used to generate vinculin 3’ UTR PCR
fragments as templates for the in vitro transcription reactions were as follows:
riboprobe 3, ATTGCTGCAGGAAAAAGTGG (forward) and GTGGCATGG
TAAAAACAGAAA (reverse); riboprobe 5, TGTGTCAGCCTGTTAGCTCCT
(forward) and TTTTCCCTAGAAGCACCAGAAG (reverse). Purified tran-
scripts were conjugated to a fluorophore, either Cy3 or Cy5 monoreactive dye
(GE Amersham), according to the protocol outlined by GE Amersham. One dye
molecule per every 30 nucleotides (about five to seven dye molecules per ribo-
probe) was incorporated.

Fluorescence in situ hybridization (FISH). Cells or coverslips were washed
with PBS-5 mM MgCl,, fixed with 4% PFA, and permeabilized with 70%
ethanol overnight. Hybridization was carried out with 30 ng of labeled riboprobe,
8 pl freshly prepared deionized formamide, 4 pl of 20 mg/ml yeast tRNA, 4 ul
20X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and H,O to 32
pl. Probe was heated at 70°C for 10 min and then chilled on ice. Eight wl of 50%
dextran sulfate was added, and 20 pl was spotted on a glass slide; an air-dried
coverslip was placed on top and sealed with rubber cement, followed by incuba-
tion in a sealed humidified chamber in the dark at 45°C for 4 h or overnight.
Washes were carried out with 2X SSC at room temperature for 15 min, 2X
SSC-0.1% NP-40-10% deionized formamide for 30 min at 50°C, 0.1 X SSC-0.1%
NP-40 at 50°C for 30 min, and then 0.1X SSC-0.1% NP-40 for 30 min at 50°C if
needed (as determined by nonspecific staining of the probe in the vinculin null
cells). Coverslips were rinsed with 2X SSC, rinsed with PBS, rinsed with H,0, and
then mounted on slides as described above.

Immunofluorescence with FISH. Cells were fixed with 4% PFA prepared with
diethyl pyrocarbonate (DEPC)-treated PBS. The immunofluorescence protocol
was as described above, except the PBS used throughout was DEPC treated. For
blocking and for incubation with primary antibodies, 50 mg/ml Ultrapure bovine
serum albumin (Ambion) was used. After secondary antibody incubation, cells
were washed with PBS and postfixed with 4% PFA for 10 min at room temper-
ature, washed with DEPC-treated 2X SSC several times, and then proceeded
with FISH as described above.

RESULTS

PTB relocalizes to the cytoplasm during cell adhesion and
early spreading. Several RNA binding proteins are seen to
relocalize from the nucleus to the cytoplasm during adhesion
of fibroblasts to fibronectin (12). In typical monolayer cell
cultures, PTB is more than 90% nuclear as measured by im-
munofluorescence (Fig. 1A; see Fig. S1A in the supplemental
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material). We examined whether PTB might also relocalize to
the cytoplasm after detachment from the substrate and read-
hesion to fibronectin. Immortalized MEFs were nonenzymat-
ically detached from the substrate by pipetting in serum-free
cell dissociation buffer (Gibco). Cells were maintained in sus-
pension for 1 h to dissociate focal complexes, resuspended in
serum-containing medium, allowed to adhere on fibronectin,
and processed for immunocytochemistry. Newly adhering cells
lacking focal adhesions displayed punctate vinculin staining
throughout the cytoplasm (Fig. 1B). As these cells adhered and
spread, they developed classical elongated focal adhesions. We
observed a striking relocalization of PTB to the cytoplasm of
the early-adhering cells (Fig. 1B). Once cells have formed focal
adhesions and extended processes, they again exhibit the typ-
ical distribution of high nuclear and low cytoplasmic levels of
PTB (Fig. 1B and C). Quantifying the total PTB fluorescence,
we found that 60% of the early-adhering cells had a cytoplasm-
to-nucleus PTB ratio greater than 0.5 (Fig. 1D). In contrast,
after the cells had begun to develop focal adhesions and were
actively spreading, more than 70% showed a cytoplasm-to-
nucleus PTB ratio of less than 0.3 (Fig. 1D). In the early-
adhering cells, some of the cytoplasmic PTB colocalized with
vinculin in punctate structures that were possibly the previ-
ously described SICs (Fig. 1B; see also Fig. S1B in the supple-
mental material). However, much of the PTB and vinculin
protein in the cytoplasm did not colocalize, and other vinculin
puncta were PTB negative. Interestingly, in cells that had ad-
hered and were beginning to spread, PTB was observed within
protrusions forming at the cell periphery (Fig. 2A). Vinculin
protein was also observed in these protrusions but did not
precisely colocalize with PTB. Instead, the two proteins were
found mostly in separate but closely adjacent regions within a
protrusion (Fig. 2B).

We tested several PTB antibodies to monitor PTB relocal-
ization during MEF adhesion to fibronectin. Antibodies raised
to the full-length PTB protein (anti-PTB FL), to the amino-
terminal peptide of PTB (anti-PTB NT), or to the carboxy
terminus of PTB (anti-PTB CT) all show PTB to be mostly
nuclear in fully spread MEFs (see Fig. S1A in the supplemen-
tal material). All three PTB antibodies detect increased cyto-
plasmic PTB during adhesion of MEFs to fibronectin (see Fig.
S1B in the supplemental material). In addition to wild-type
immortalized MEFs, we also tested primary MEFs and an
SV40-transformed MEEF cell line, as well as other immortalized
MEF cell lines (RelA™~ and vinculin ™/~ cells). We observed
PTB relocalization to the cytoplasm and protrusions during
adhesion and spreading in all these cells (data not shown). In
contrast, the transformed cell lines HEK293 and HeLa did not
show PTB movement to the cytoplasm during adhesion (data
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not shown). These cell lines were also reported not to form
SICs by de Hoog et al. (12).

hnRNP K also relocalizes during cell adhesion. To examine
if other shuttling RNA binding proteins also relocalize during
MEF adhesion, we tested Raverl, Sam68, and hnRNP K (Fig.
3A to C). All three proteins are predominantly nuclear in
typical cell monolayers. Raverl is an RRM protein known to
interact with both PTB and vinculin and acts as a cofactor with
PTB in repressing splicing of some exons (21, 25, 27). Sam68 is
a KH-domain RNA binding protein with previously described
functions both in the nucleus, where it affects alternative splic-
ing, and the cytoplasm, where it affects mRNA translation and
interacts with Src tyrosine kinase (7, 33). HnRNP K is a KH-
domain RNA binding protein implicated in control of transla-
tion of specific mRNAs (4, 38). HnRNP K has also been found
within the cytoplasm and in SICs of adhering MRCS lung
fibroblasts (12). Similarly to PTB, hnRNP K redistributed to
the cytoplasm during cell adhesion (Fig. 3C). We also observed
partial colocalization between PTB and hnRNP K in cytoplas-
mic protrusions of adhering and spreading cells (Fig. 3C). In
contrast to PTB and hnRNP K, both Raverl and Sam68 re-
mained almost entirely nuclear during cell adhesion (Fig. 3A
and B). Sam68 has been reported to associate with focal ad-
hesion proteins during adhesion (12). However, we did not
detect its relocalization during adhesion in MEFs.

PTB depletion decreases the size of focal adhesions and
alters the morphology of the cell periphery. We depleted PTB
with a specific shRNA to examine its effect on focal adhesion
formation. ShPTB(B) was expressed from a vector also ex-
pressing EGFP, allowing identification of transfected cells.
This shRNA reduced the PTB level by 40% in MEFs (Fig. 4A).
This depletion of PTB was accompanied by decreased vinculin
staining at the cell periphery (Fig. 4B and C). The average
focal adhesion length was also significantly decreased in PTB-
depleted cells (Fig. 4B and D). PTB depletion also reduced the
surface area of the cells, indicating a decrease in cytoplasmic
spreading (Fig. 5A). Finally, cells lacking PTB displayed a
rounder shape, which was quantifiable as a reduction in the
number of protrusions extending from the cellular edge (Fig.
5B). To control for off-target effects, we also tested a different
shRNA [shPTB(A)] to PTB. MEFs transfected with shPTB(A)
also showed a rounded cell shape and less cell spreading (see
Fig. S2A to C in the supplemental material). Thus, PTB is
needed for proper development of cellular protrusions and
focal adhesion formation during cell spreading.

We also tested the effect of increasing PTB expression on
cell morphology and spreading. Surface area measurements of
cells transfected with a PTB expression construct showed a
clear increase in size compared to controls (P < 0.0002) (see

FIG. 1. PTB relocalizes from the nucleus to the cytoplasm during adhesion. (A) MEFs were plated on fibronectin. After 24 h, the cells were
fixed and immunostained with antibodies to PTB and vinculin. (B) MEFs were lifted, maintained in suspension for 1 h, and replated on fibronectin.
Cells were allowed to adhere for 12 min (adhering) or 90 min (spread). Nonadhered cells were removed by washing, cells were fixed, and
immunofluorescence was performed with antibodies to PTB and vinculin. The arrowhead shows PTB vinculin colocalization at a possible SIC.
(C) MEFs adhered for 15 min were fixed and immunofluorescence performed with anti-PTB and antivinculin antibodies. Adhering cells were
identified by an absence of focal adhesions (punctate vinculin staining in the cytoplasm), and spreading cells were identified by the presence of focal
adhesions at the cell periphery. (D) The mean fluorescence intensity for PTB across the nucleus and the cytoplasm was determined for both
adhering and spreading cells using Zeiss image analysis software. Cells were grouped as having a PTB cytoplasm-to-nucleus ratio of either >0.5,
0.5 to 0.3, or <0.3 (n = 56 for adhering and n = 47 for spreading). Magnification, X40 (A) or X63 (B and C). Scale bars, 20 pm.
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FIG. 2. PTB localizes to cell protrusions during early cell spreading. MEFs were fixed after 20 min of adhesion to fibronectin and immuno-
stained with antibodies to PTB and vinculin. (A) An adhering cell is indicated by the arrow, and an early spreading cell with PTB in protrusions
is indicated by the white arrowhead. A more fully spread cell with elongated focal adhesions is indicated with the unfilled arrowhead. The heat
map shows the fluorescence intensity of the PTB. (B) The arrowhead in the enlarged image in the bottom panel indicates a protrusion with PTB
staining adjacent to vinculin staining. Scale bars, 20 wm, except the enlarged image in panel B (10 wm).
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FIG. 3. hnRNP K, but not Raverl or Sam68, relocalizes to the cytoplasm during cell adhesion. MEFs were lifted and maintained in serum-free
medium on a rotator for 1 h at 37°C and then replated on fibronectin-coated coverslips in the presence of serum. Cells were incubated for 15 min
(adhering) or overnight (spread), fixed, and immunostained with antibodies to Raverl and PTB (A), Sam68 and vinculin (B), or PTB and hnRNP
K (C). Adhering cells were identified by cytoplasmic staining for PTB (A and C) or by punctate vinculin staining (B). The expanded view at the
bottom shows a partial overlap between PTB and hnRNP K in the cytoplasm and periphery. Arrowheads indicate regions of colocalization. Scale
bars, 20 pm.
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FIG. 4. PTB knockdown decreases vinculin levels at the cell periphery and decreases the size of vinculin-containing focal adhesions. (A) MEFs
were transfected either with empty vector (control) or with vector expressing a short hairpin targeting PTB [shPTB(B)]. After 3 days, cells were
fixed and stained with anti-PTB antibody. The arrowhead indicates a green fluorescent protein-positive transfected cell. Scale bars, 20 wm. The
mean fluorescence for PTB in the nucleus was measured for transfected and nontransfected cells from the same optical fields. The mean ratio of
PTB fluorescence in transfected cells relative to that in nontransfected cells is plotted in the graph * standard errors of the means [control, n =
72; shPTB(B), n = 65]. (B) MEFs transfected as for panel A were lifted and allowed to readhere to fibronectin for 90 min. The cells were fixed
and stained for vinculin. Arrowheads indicate GFP-positive transfected cells. The shPTB(B)-transfected cells display less vinculin staining at the
periphery and smaller focal adhesions. Scale bars, 20 um. (C) The vinculin staining at the cell periphery of control and PTB knockdown cells was
quantified using Zeiss image analysis software, and the maximum vinculin fluorescence (FL Max) at the periphery for each cell was plotted. Each
data point represents a single cell examined. (D) Length of the longest focal adhesion (FA) for each cell was measured and the results displayed
as a scatter plot. The red bar shows the mean, and asterisks indicate statistical significance measured by a paired ¢ test (x%*, P < 0.0001). The
numbers of cells measured are as follows: control, n = 63; shPTB(B), n = 52.
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FIG. 5. PTB knockdown decreases the cell area and number of protrusions formed during spreading. The extent of cell spreading and
protrusion formation in MEFs treated as for Fig. 4B was compared between PTB knockdown and control cells. (A) Arrowheads indicate a green
fluorescent protein-positive transfected cell. The cell surface area was measured using Zeiss image analysis software and data displayed as a scatter
plot. For the control, n = 53; for shPTB(B), n = 51. The red bar in the plot shows the mean, and asterisks indicate statistical significance measured
by paired ¢ test (+*%, P < 0.0001). (B) Cells were also scored for number of protrusions formed during spreading. The panel on the left shows
shPTB(B)-transfected cells with fewer protrusions than nontransfected cells or control-transfected cells. Arrowheads indicate a green fluorescent
protein-positive transfected cell. The graph on the right shows the percentage of transfected cells having five or more protrusions or fewer than
five protrusions [n = 53 for the control; n = 51 for shPTB(B)]. Scale bars, 20 pwm.

Fig. S3A and B in the supplemental material). However, PTB
overexpression did not affect focal adhesion size. Thus, in-
creasing or decreasing the PTB protein level alters the rate of
cell spreading on fibronectin in opposite directions.
Transcripts encoding focal adhesion scaffolding proteins
associate with PTB. We next wanted to identify transcripts
associating with PTB in the cytoplasm of adhering and early-
spreading cells. Briefly adhered cells were subjected to UV
irradiation to cross-link proteins to bound mRNAs. The cyto-
plasmic fraction of the cells was isolated, and PTB with cross-
linked RNA was immunoprecipitated (Fig. 6A). We assayed

for a variety of transcripts in the immunoprecipitate by reverse
transcription-PCR (RT-PCR), including mRNAs for proteins
involved in focal adhesion formation. Interestingly, both vin-
culin and alpha-actinin 4 mRNAs were detected in the PTB
immunoprecipitates, whereas mRNAs encoding other focal
adhesion proteins were not (Fig. 6B). We also detected mRNA
for talin in PTB immunoprecipitates, but only in the RelA™/~
immortalized MEFs (data not shown).

Vinculin and alpha-actinin 4 are both scaffolding proteins
that are typically deposited early during formation of focal
adhesions (40). Both mRNAs have multiple CU repeat ele-
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FIG. 6. Transcripts encoding focal adhesion scaffolding proteins
associate with PTB in the cytoplasm of adhering cells. MEFs were
lifted and maintained in suspension for 1 h, replated on fibronectin,
and allowed to adhere for 20 min. Nonadhered cells were removed by
washing. The remaining cells were UV irradiated to cross-link protein
to RNA, the cytoplasmic fraction was isolated, and IP was performed
with either anti-PTB or anti-HA control antibody. RNA in the immu-
noprecipitate was isolated, cDNA synthesized, and RT-PCR per-
formed using primers for various focal adhesion protein transcripts.
(A) Western blot for PTB and vinculin in the cell lysate and the IP.
(B) RT-PCR for various focal adhesion transcripts using cDNA pre-
pared from the IPs. Input is from cDNA prepared from RNA isolated
from the pre-IP lysate.

ments in their 3’ UTRs that may act as PTB binding sites (Fig.
7A and data not shown). Binding of PTB to the CU repeats in
the vinculin transcript was examined by EMSA using a portion
of the vinculin 3’ UTR containing two CUCUCU elements
and a mutant vinculin transcript with the CUCUCU elements
modified to AAAAAA (Fig. 7A). The wild-type vinculin RNA
probe was incubated in a Hela nuclear extract containing
abundant PTB. This generated two RNP complexes that
shifted upward in the gel from the free RNA probe (Fig. 7B).
These complexes were supershifted by the PTB antibody but
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not by other antibodies, indicating the presence of PTB in the
complex (Fig. 7B). Mutation of the potential PTB binding sites
in the probe resulted in a different spectrum of complexes that
were not supershifted by the PTB antibody (Fig. 7B). We
conclude that PTB can directly associate with the CUCUCU
elements in the vinculin 3" UTR.

Vinculin mRNA is localized at the cell periphery with PTB
during cell spreading. MEFs transfected with the PTB
shRNAs did not show an obvious decrease in total vinculin
staining (Fig. 4B). However, PTB depletion in spreading MEFs
led to less vinculin protein at the cell periphery (Fig. 4C).
These data suggest that PTB may affect the spatial regulation
of vinculin mRNA translation or the recruitment of the vincu-
lin protein to the periphery. Since the PTB protein localized to
newly forming protrusions at the cell periphery (Fig. 2), we
asked whether PTB may affect the localization of vinculin
mRNA during early cell spreading. To observe the vinculin
mRNA in spreading cells, we performed FISH. Several RNA
probes spanning the 3" UTR of the vinculin transcript were
tested for hybridization in wild-type and vinculin null MEFs.
Two of the probes showed specific hybridization in the wild-
type MEFs but not in vinculin null control cells (Fig. 8A and
B). The overlap of the signal for these two probes was nearly
complete. Both probes (riboprobes 3 and 5) detected vinculin
mRNA at the cell periphery and specifically within protrusions
and the leading edge of MEFs spread on fibronectin (Fig. 8B).
Thus, vinculin mRNA localizes to cytoplasmic protrusions and
the leading edge of spreading MEFs.

To examine whether vinculin mRNA and the PTB protein
colocalize during early cell spreading, in situ hybridization for
vinculin mRNA was combined with immunofluorescence for
the PTB protein. Although there were regions where the
mRNA and protein showed independent signals, there was
significant overlap at the cell periphery (Fig. 8C; see also Fig.
S4 in the supplemental material). Notably, there were many
overlapping pixels within cell protrusions as they began to form
(Fig. 8C; see Fig. S4 in the supplemental material). The
Manders overlap coefficient of 0.9 (determined using Zeiss
image analysis software) indicates significant colocalization of
the PTB protein with vinculin mRNA in new protrusions.

To determine if PTB affects the targeting of vinculin mRNA to
the cellular edge, we depleted PTB with shPTB(B). Cells express-
ing the ShRNA were identified by EGFP fluorescence. As seen
previously, PTB depletion reduced the number of cell protrusions
(Fig. 9A). Significantly, the level of vinculin mRNA was low in the
limited protrusions seen in these cells, and the vinculin mRNA
detected at the cell periphery was reduced compared to that in
cells transfected with control empty vector (Fig. 9B and C). Thus,
PTB is needed for vinculin mRNA localization to the cellular
edge and for proper spreading of cells.

DISCUSSION

We find that the RNA binding protein PTB plays a role in
focal adhesion formation during the early stages of cell adhe-
sion and spreading. As cells attach and spread along a fi-
bronectin substrate, both PTB and hnRNP K transiently relo-
calize from the nucleus to the cytoplasm. Depletion of PTB
reduces cell spreading and limits the formation of protrusions
in the cellular edge. We further find that PTB is bound to
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FIG. 7. PTB binds CU repeats in the 3’ UTR of vinculin transcript. (A) Schematic showing potential PTB binding sites in the 3" UTR of mouse
vinculin mRNA. The black box indicates the carboxy-terminal coding region, the black line indicates the 3" UTR, and the gray boxes highlight CU
repeats. Transcripts synthesized for PTB binding experiments are shown below the schematic. Wild-type transcript corresponding to the CU repeat
region (gray boxes) of the vinculin mRNA and a mutant transcript in which the CU repeats were changed to AA repeats are shown. (B) EMSA
analysis of wild-type and mutant vinculin transcripts in HeLa nuclear extract. Labeled transcript was incubated with HeLa nuclear extract for 30
min and then incubated with the indicated antibodies to supershift RNA/protein complexes. Free RNA is shown at the bottom of the gel. A single
asterisk identifies shifted RNP complexes, and the double asterisk identifies antibody-supershifted complexes.

mRNAs encoding several focal adhesion scaffolding proteins,
including vinculin, and partially colocalizes with vinculin
mRNA at the cell periphery. Loss of PTB reduces the size of
vinculin stained focal adhesions in actively spreading cells.
PTB and vinculin mRNA are both present in new protru-
sions formed during the rapid cell spreading which occurs upon
cell adhesion. But the vinculin protein and mRNA remain in
these protrusions after PTB has returned to the nucleus. This
differs from the localization and translation of B-actin mRNA
at the leading edge of migrating fibroblasts (10, 14). B-Actin
mRNA localization is controlled by the proteins ZBP1 and
ZBP2, which bind to a 54-nucleotide region of the actin 3’
UTR. Like PTB, ZBP2 is primarily a nuclear protein. How-
ever, ZBP1 exhibits a long-lasting localization with the actin
mRNA in lamellipodia as the cells migrate, in contrast to the

brief localization seen for PTB early during adhesion and
spreading. The continuous localization of the B-actin mRNA
may reflect the continuous synthesis of this protein in the
extending lamellipodia. PTB apparently acts transiently, per-
haps to help initiate adhesion and spreading.

It was recently shown for developing Drosophila embryos
that mRNAs exhibit a wide variety of localization patterns
(32). The rules governing the localization and induced trans-
lation of specific messages in somatic cells will likely prove
similarly complex. Cellular mRNAs assemble into complex
mRNP structures containing many different RNA binding pro-
teins, leading to a variety of translational control profiles. In
addition to vinculin, PTB binds to the focal adhesion protein
mRNAs for a-actinin and talin (data not shown), and there are
many other mRNAs containing likely PTB binding sites in
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FIG. 8. Vinculin mRNA colocalizes with PTB to the cell periphery of spreading fibroblasts. (A) Western blot for vinculin and beta-actin in
wild-type and vinculin null MEFs shows an absence of vinculin protein in the null cells. (B) Wild-type and vinculin null MEFs were fixed with 4%
PFA, and in situ hybridization was performed with two riboprobes specific to different regions of the 3" UTR of vinculin mRNA. Riboprobe 3 was
Cy3 labeled, and riboprobe 5 was CyS5 labeled. The arrowheads identify vinculin mRNA localization to protrusions and cell periphery. (C) Cells
allowed to adhere for 20 min were fixed and immunofluorescence performed with anti-PTB (CT) antibody. Cells were postfixed with PFA, and
in situ hybridization was performed with Cy3-labeled vinculin riboprobes 3 and 5 combined. The arrowhead in the enlarged image identifies regions
of colocalization in newly formed protrusions. Scale bars, 20 wm except in the enlarged images to the right in panel C (5 pm).

their 3" UTRs. Conversely, different pools of a particular
mRNA may assemble with different groups of proteins to ad-
dress different synthetic needs. Indeed, only a fraction of the
vinculin mRNA is localized to sites of focal adhesion assembly,
and only a fraction colocalizes with PTB. It will be interesting
to compare the proteins in the peripherally localized vinculin

mRNPs with mRNPs showing a more diffuse distribution
through the cytoplasm.

Although PTB and hnRNP K both relocalize during cell
attachment to fibronectin, they apparently play different roles
in this process. Depletion of PTB decreases the size of vincu-
lin-containing focal adhesions and the number of protrusions
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FIG. 9. PTB knockdown decreases localization of vinculin mRNA to the cell periphery. (A) MEFs were transfected with shPTB(B) or empty vector
(control). After 3 days, cells were replated on fibronectin and allowed to adhere for 90 min as described previously. FISH was performed using vinculin-specific
probes (riboprobes 3 and 5 combined). Shown are representative images from three independent experiments of knockdown and control cells hybridized with
labeled vinculin transcript. Arrowheads indicate GFP-positive transfected cells. (B) Vinculin mRNA fluorescence signal at the outer regions of transfected and
nontransfected cells in the same optical field was quantitated as follows: total fluorescence for a cell (a, fluorescence total within the area outlined by the blue
line) and the total fluorescence within the main cell body (b, fluorescence total within the area outlined by the white line) were calculated, and the percentage
of mRNA localizing to the cell peripheral region was then calculated as (¢ — b)/a. This calculation was performed for a transfected cell and a nontransfected
cell in the same optical field. Arrowheads indicate GFP-positive transfected cells. Scale bars, 20 wm. (C) The data show the means * standard errors of the means
from three independent experiments [for shPTB(B), n = 60 nontransfected and transfected cells; for control, 7 = 60 nontransfected and transfected cells). The
asterisks indicate statistical significance measured by a paired ¢ test (***, P < 0.0001).
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seen along the cellular edge during spreading. In contrast, de
Hoog et al. (12) showed that interfering with hnRNP K in-
creased cell spreading on fibronectin. This suggested a role for
hnRNP K in controlling the rate of membrane extension, al-
though the targets of hnRNP K in adhering fibroblasts are not
known. Thus, PTB and hnRNP K likely serve separate func-
tions in the control of cell adhesion and movement.

Analysis of the complex cellular translation apparatus con-
trolling synthesis of the specialized cytoskeleton during adhe-
sion and cell spreading will be an interesting direction for
further experiments. Focal adhesion assembly is induced by
signaling from integrin receptors upon interaction with fi-
bronectin. This local stimulus instigates the recruitment of
proteins, including paxillin, and mRNAs, including that for
vinculin, to the developing focal adhesion (9). Interestingly,
paxillin, which was recently shown to shuttle between the nu-
cleus and the cytoplasm, exhibits an adhesion-dependent asso-
ciation with PTB. Paxillin could thus assemble with PTB within
the nucleus and possibly help target mRNA directly to initiat-
ing focal adhesions (13). Once recruited to an initiating site of
attachment, PTB may dissociate from an mRNA and be recy-
cled back to the nucleus. The nucleocytoplasmic shuttling of
PTB is partly controlled by PKA phosphorylation (34, 48).
However, posttranslational modifications affecting PTB in fo-
cal adhesion assembly could involve many other signaling mol-
ecules, including Src, FAK, or ILK. Src is present in focal
adhesions (along with other kinases) and is known to regulate
both hnRNP K activity and translational repression by ZBP1
(26, 39).

PTB and its bound mRNAs are presumably being actively
transported to the cellular edge, but what components are
important for this process are not yet known. The PTB that
moves to the cytoplasm during adhesion is likely already bound
to its target mRNAs, and this movement may depend on what
is being expressed in a particular cell. We find that the re-
sponse of PTB to adhesive interactions can vary from cell to
cell; PTB redistributes to the cytoplasm during adhesion of
mouse embryo fibroblasts but not adhesion of some other cell
lines, such as 293 and HelLa. Tumor cells are well known to
exhibit altered adhesive properties, and PTB has been re-
ported to be upregulated in invasive glioblastoma and ovarian
cancer (8, 23, 37). The effect of this increased concentration on
cell adhesion and movement during tumor invasion should also
be interesting to examine.

In Xenopus and Drosophila oocytes, PTB shows more stable
enrichment at the sites of mRNA localization. In these sys-
tems, PTB appears to affect both the transport of an mRNA to
its destination and repression of its translation during delivery
(3, 11). The sequences that direct the localization can be quite
complex, and many components of the mRNP that affect its
cytoplasmic function are assembled in the nucleus, including
the PTB protein (30). The movement of these mRNPs to their
target sites in both Drosophila and Xenopus oocytes is medi-
ated by kinesin motors on the microtubule cytoskeleton (36).
The proteins responsible for the movement and anchoring of
the mRNPs in somatic cells are not yet known, although pro-
cesses similar to those in Drosophila and Xenopus oocytes take
place in mammalian neurons and use some of the same com-
ponents. PTB is present in neuronal growth cones of PC12
cells and was shown to affect their neurite outgrowth (34).
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Unlike PC12 cells, primary neurons switch their expression
from PTB to its neuronal homolog, nPTB, as they differentiate
(6, 15, 20, 35). nPTB has RNA binding and nucleoplasmic
shuttling properties similar to those of PTB and can be ob-
served in the processes of explanted neuronal cultures early
after plating (unpublished observations), in keeping with a
specialized role in neuronal adhesion.

We report that mRNAs for several focal adhesion proteins
are bound by PTB and that PTB affects the assembly of this
specialized component of the cytoskeleton. Interestingly, the
set of pre-mRNA splicing targets of PTB in the nucleus is
enriched in cytoskeletal and scaffolding proteins, in proteins
that control cytoskeletal assembly, such as c-src, and in trans-
port proteins, such as kinesin and dynein (5). Many of these
pre-mRNA targets have exons that change during neuronal or
muscle cell differentiation, when a highly specialized cytoskel-
eton must be assembled. The cytoplasmic function of PTB
found here is presumably part of a larger role for the protein
affecting cytoskeletal assembly, cell morphology, and move-
ment during development.
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