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The actin cytoskeleton is essential for cell adhesion and migration, functions important for tumor invasion. In addition to bind-
ing N-WASP/WASP, WIP binds and stabilizes F-actin. WIP�/� fibroblasts were used to test the role of WIP in F-actin function.
WIP�/� cells had defective focal adhesion (FA), stress fiber assembly, and adherence to substrates, functions that were restored
by transduction of wild-type WIP. Protein and mRNA levels of several FA constituents regulated by the myocardin-related tran-
scription factor (MRTF)–serum response factor (SRF) transcription factor complex were reduced in WIP�/� fibroblasts. The
level of G-actin, which sequesters MRTF in the cytoplasm, was increased, and nuclear localization of MRTF-A and SRF was re-
duced, in WIP�/� fibroblasts. Transfection of an MRTF-A mutant that constitutively translocates to the nucleus or transfection
of constitutively active SRF restored FA and stress fiber assembly. Fibroblasts from knock-in mice expressing a WIP mutant that
fails to bind actin phenocopied WIP�/� fibroblasts. Thus, WIP is a novel regulator of FA assembly and cell adhesion.

Adynamic actin cytoskeleton is essential for many cellular
functions, including adhesion, motility, endo/exocytosis, and

cytokinesis. Actin cytoskeleton remodeling requires de novo actin
assembly. The most important initiator of actin assembly in cells is
the Arp2–Arp3 (Arp2/3) complex, a ubiquitously expressed het-
eropolymer of seven proteins. The Wiskott-Aldrich syndrome
protein (WASP) and its homologue N-WASP are important acti-
vators of the Arp2/3 complex. In resting cells, WASP and
N-WASP are kept in an autoinhibited inactive state. A number of
proteins, including Cdc42 (1, 2), Src homology 3 (SH3) domain-
containing proteins such as Nck (3), Grb2 (4), cortactin (5), and
Toca-1 (6), have been shown to activate WASP/N-WASP. To date,
only one protein, WASP-interacting protein (WIP), encoded by
the Wipf1 gene, has been shown to be a physiological inhibitor of
WASP/N-WASP-mediated actin assembly. In addition to regulat-
ing WASP/N-WASP activity, WIP is critical for the stability of
WASP, but not for that of N-WASP (7).

The WASP-interacting protein WIP stabilizes WASP in T cells,
as evidenced by the observation that WASP levels, but not WASP
mRNA levels, are severely reduced in T cells from Wipf1�/�

(WIP�/�) mice (7). Similarly, WASP levels, but not WASP mRNA
levels, are severely reduced in T cells from Wiskott-Aldrich syn-
drome (WAS) patients with missense mutations in WASP that
disrupt WIP binding (8). WIP also binds to actin (9, 10). This
interaction stabilizes filamentous actin (F-actin), as demonstrated
by the observation that the addition of recombinant WIP to F-ac-
tin inhibits its depolymerization in vitro (10). A purified glutathi-
one S–transferase (GST)-WIP1–127 fusion protein interacts with
purified actin in vitro (9), demonstrating a direct interaction. This
interaction is mediated by a 12-amino acid (aa) sequence (aa 43 to
54) in the WASP homology 2 (WH2) domain of the verproline
homology (VH) region of WIP, since deletion of this sequence
abolishes the ability of GST-WIP1–127 to pull down actin. The WIP
sequence includes the KLKK motif (aa 45 to 48), previously shown
to mediate the binding of thymosin �4 to actin (11). Addition of

recombinant WIP inhibits the depolymerization of purified F-ac-
tin in vitro (10). Deletion of WIP results in diminished F-actin
levels in T cells from WIP�/� mice (12), while overexpression of
WIP in the B cell line BJAB increases the cellular F-actin content
(13).

Serum response factor (SRF) is a master regulator of the actin-
based cytoskeleton and the cellular contractile apparatus (14).
The SRF cofactors myocardin-related transcription factors A
(MRTF-A; also called Mal) and B (MRTF-B) are critical for the
induction of a coordinated set of genes whose protein products are
important for cell adhesion and actin cytoskeleton assembly. In
resting cells, globular actin (G-actin) sequesters MRTFs in the
cytoplasm (15, 16). A shift in the G-actin↔F-actin equilibrium
toward F-actin results in the dissociation of MRTF proteins from
G-actin, allowing them to migrate into the nucleus, where they
bind and activate SRF. The MRTF-SRF complex induces the tran-
scription of genes that encode proteins critical for the assembly of
focal adhesions (FAs) and the integrity of the actin cytoskeleton
(14, 17).

We used fibroblasts from WIP�/� mice, as well as from
knock-in mice that express a WIP mutant with impaired ability to
bind actin, to test the hypothesis that the binding of WIP to actin
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regulates the activity of the MRTF-SRF complex, thereby regulat-
ing FA and stress fiber assembly.

MATERIALS AND METHODS
Reagents and antibodies. Laminin and fibronectin were purchased from
MP Biochemicals. Toluidine blue O was purchased from Fluka. Protease
inhibitor cocktail and phosphatase inhibitor cocktail were obtained from
G-Biosciences. Primary antibodies against various proteins were pur-
chased as follows. Rabbit monoclonal antibodies against focal adhesion
kinase (FAK), phospho-FAK, and vinculin were obtained from Cell Sig-
naling Technology. Antibodies against actin, vinculin (MAb hvin1), and
zyxin were purchased from Sigma. The following reagents were supplied
as indicated: fluorescein isothiocyanate (FITC)-conjugated �1 integrin
and tetramethyl rhodamine isothiocyanate (TRITC)-conjugated � integ-
rin by eBiosciences, TRITC-conjugated �6 integrin and Alexa Fluor 488-
conjugated anti-VP16 by Santa Cruz Biotechnology, monoclonal anti-
bodies against �- and �-tubulin by MP Biochemicals, and anti-MRTF-A
(anti MKL1) by Aviva. Alexa Fluor 488 (green)- or Alexa Fluor 580 (red)-
conjugated secondary antibodies against mouse or rabbit antibodies were
obtained from Molecular Probes.

Plasmids. MRTF-A (MAL) and MRTF-AXXX (MALxxx) in the pEF
vector were obtained from Richard Treisman. SRF-VP16 in pUC12 was
also obtained from Richard Treisman. The insert was excised and was
recloned into pCMV-Tag2B. Most of the DNA binding MADS (MCM1,
Agamous, Deficiens, SRF) domain of SRF is encoded between nucleotides
421 and 732 (18). SRF with this region deleted (referred to below as
SRF�M-VP16) was constructed by PCR amplifying the sequence from
nucleotide 1 to nucleotide 421 of the SRF gene with a BamHI site added to
the 5= end and a BglII site added to the 3= end. The amplicon was digested
with BamHI and BglII and was cloned into BamHI-BglII-digested SRF-
VP16 in pUC12 to produce SRF�M-VP16. The entire insert was excised
and was recloned into pCMV-Tag2B.

Tissue culture conditions. (i) General growth conditions. Cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) containing 15%
fetal calf serum (FCS), since a large amount of serum was required for
long-term viability of WIP�/� fibroblasts. The day before all experiments,
the cells were transferred to DMEM containing 10% FCS.

(ii) Establishment of WIP�/� mouse lung fibroblasts. Lungs from
neonatal mice (wild type [WT], WIP�/�, or WIP-�ABD) were minced
and were seeded in 6-well tissue culture clusters in DMEM containing
15% FCS. After a week, when fibroblasts were observed to crawl out of the
seeded tissue, the lung tissue was removed, and the fibroblasts were al-
lowed to grow until 90% confluent. The cells from one well were
trypsinized, replated onto three wells of a 6-well cluster, and designated
passage zero. When cells became 80% confluent, they were split and ex-
panded. Mouse cells have been reported to undergo “spontaneous trans-
formation” (19). Such “transformants” were observed around passage 10
to 12, and cell lines were generated from these cells by limiting dilution to
obtain a homogenous cell population. Cells used in experiments had �25
passages. Experimental protocols using mice were approved by the Chil-
dren’s Hospital Animal Care and Use Committee.

Bright-field time-lapse microscopy. WT and WIP�/� cells were
plated in 6-well clusters at a density of 25,000 cells/well. Cells were allowed
to attain 40 to 50% confluence, and time-lapse photomicrographs were
taken every 10 s for 15 min using a Nikon Ti inverted microscope
equipped with a warm stage.

Lentiviral preparations and cell transduction. WIP-expressing lenti-
viral particles cloned under the control of the cytomegalovirus (CMV)
promoter in the bicistronic lentiviral expression vector pLOC were pur-
chased from Open Biosystems. The vector had the marker that localized
Turbo-GFPnuc predominantly in the nucleus and was expressed indepen-
dently of WIP using an internal ribosome entry site (IRES). The vector
also has blasticidin selection to isolate cells that stably express the trans-
gene. Similarly cloned lentiviral particles expressing glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were used as a control.

WIP�/� cells were treated with 0.5 �g/ml Polybrene for 30 min and
were infected with lentivirus at a multiplicity of infection (MOI) of 10.
WIP- or GAPDH-expressing cells were selected by applying blasticidin
selection (10 �g/ml) for 1 week, with a medium change every day. The
fraction of blasticidin-selected cells that was positive for green fluorescent
protein (GFP) was quantified by flow cytometry (see Fig. S2 in the sup-
plemental material).

For immunofluorescence, 75% confluent cells were harvested by
trypsinization, and 40,000 cells were plated on 13-mm coverslips in 24-
well plates and were cultured for an additional 14 h for optimal FA assem-
bly. Cells were fixed and stained as described below (see “Immunofluo-
rescence”).

Western blotting. Adherent cells were lysed at 4°C on culture plates
using lysis buffer (50 mM Tris, 100 mM NaCl, 1% Triton X-100, 0.5%
Sarkosyl plus protease inhibitor cocktail and phosphatase inhibitor cock-
tail [pH 7.4]). Lysates were clarified by spinning at 10,000 � g, and the
supernatants were frozen in aliquots at �80°C. Lysates containing equal
amounts of protein were loaded onto gels, transferred to supported nitro-
cellulose membranes, and probed with relevant antibodies using standard
protocols. Membranes were developed using enhanced chemilumines-
cence (ECL) (PerkinElmer).

Quantitative PCR. Total RNA was isolated from trypsinized cells us-
ing an RNeasy kit (Qiagen). Reverse transcription-PCR (RT-PCR) was
performed by using an iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA). 6-Carboxyfluorescein (FAM)-labeled specific TaqMan primers were
purchased from Applied Biosystems. Quantitative PCRs were run on an
ABI Prism 7300 sequence detection system platform (Applied Biosys-
tems). The housekeeping gene �2-microglobulin was used as a control.
The relative gene expression in the different samples was determined us-
ing the method described in reference 20. Quantities of all targets in test
samples were normalized to the corresponding �2-microglobulin levels.

Transcription profile analysis. RNA was extracted from fed and se-
rum-starved (0.3% serum for 48 h) WT and WIP�/� fibroblasts by using
the RNeasy kit (Qiagen). The mouse genome 430 AB Affymetrix
GeneChip, containing more than 45,000 transcripts, was used for tran-
scriptional profiling. Microarray analysis was conducted as described pre-
viously, using in vitro-transcribed biotin-labeled cRNA, by hybridization
of cRNA with the mouse genome 430 AB Affymetrix GeneChip and scan-
ning of image output files (21). The quality of scanned array images was
determined on the basis of background values, percentage of present calls,
scaling factors, and the 3=:5= ratios of �-actin and GAPDH by using the
arrayQualityMetrics package for R (22). The raw probe level data were
normalized using a smoothing-spline invariant set method. The signal
value for each transcript was summarized by using a perfect match (PM)-
only-based signal modeling algorithm to reduce false-positive results and
by filtering out transcripts that were absent in all samples (23). In com-
parisons of two groups of samples to identify differentially expressed
genes, if the 90% lower confidence bound (LCB) of the fold change (FC)
between the two groups was above 1.5, the gene was considered differen-
tially expressed. The LCB is a stringent estimate of FC and has been shown
to be the better-ranking statistic. It has been suggested that the criterion of
an LCB above 1.5 most likely selects genes with an “actual” fold change of
at least 2 in expression (23, 24).

Adhesion assay. The adhesion assay was performed essentially as de-
scribed previously (25) with minor modifications. One hundred microli-
ters of freshly trypsinized fibroblasts (WT, WIP�/�, or WIP�ABD) in
warm DMEM plus 10% FCS at a density of 106 cells/ml was plated in
sextuplicate on 96-well flat-bottom culture plates (Nunc) and was allowed
to adhere for 30 min at 37°C. Nonadherent cells were washed out using
warm DMEM containing no FCS. Cells were fixed in 4% paraformalde-
hyde in phosphate-buffered saline (PBS) at room temperature for 30 min
and were stained with toluidine blue O (1% in PBS) for 60 min at room
temperature. The plate was washed extensively with water (5 to 6 times) to
remove excess stain and was air dried; the cell-bound dye was solubilized
using 2% SDS; and the optical density was read at 620 nm.
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FAK activation. WT or WIP�/� cells were trypsinized, washed, re-
plated on 24-well clusters in warm DMEM plus 10% FCS, and incubated
at 37°C for 30, 60, 90, and 120 min. At the end of the incubation, plates
were rinsed with DMEM to remove nonadherent cells, and lysates were as
prepared as described above.

Transfection. MRTF-A, MRTF-AXXX, SRF-VP16, and SRF�M-VP16
were introduced into WIP�/� fibroblasts by transfection using Fugene
HD (Promega). Briefly, 3 �l of Fugene HD transfection reagent was di-
luted into 100 �l of DMEM with no FCS and was incubated for 5 min at
room temperature, and 500 �g of plasmid DNA was added, mixed, and
incubated at room temperature for an additional 15 min. The entire trans-
fection mixture was added dropwise to WIP�/� fibroblasts and was incu-
bated at 37°C for 48 h for gene expression. The transfection efficiency was
about 0.5%.

Nucleofection. One microgram of WIP cloned into the pcDNA6 vec-
tor was nucleofected into 0.75 � 106 fibroblasts with the Amaxa Nucleo-
fector kit (Lonza) using the A-23 program, and fibroblasts were plated on
6-well clusters. After overnight incubation, dead cells and debris were
washed out by rinsing the adherent cells with serum-free DMEM; then the
cells were trypsinized, plated onto 13-mm coverslips, and allowed to ad-
here for 15 h, and MRTF-A was visualized by incubation with an anti
MRTF-A antibody (anti-MKL; Aviva) followed by an Alexa Fluor 588-

conjugated anti-rabbit antibody. Coverslips were mounted as described in
the next section.

Immunofluorescence. Cells (104) were plated on washed glass cover-
slips (13 mm) and were allowed to adhere and spread for 14 h in DMEM
plus 10% FCS. The coverslips were washed with PBS to remove dead cells
and debris, fixed for 30 min in 4% paraformaldehyde in PBS (EM Sci-
ences), washed again, and blocked with 10% FCS in PBS for 60 min.
Coverslips were incubated with the appropriate primary antibody for 45
min at 37°C, washed, and incubated with the relevant secondary antibody
for 45 min at 37°C. To visualize actin filaments, phalloidin conjugated to
Alexa Fluor 488 or Alexa Fluor 588 was used (Molecular Probes). Cover-
slips were washed, mounted on slides by using ProLong Gold antifade
agent with 4=,6-diamidino-2-phenylindole (DAPI) (Invitrogen), air
dried, and sealed with nail polish. Immunofluorescence observation, im-
age capture, and analysis were performed using a Nikon Eclipse E800 or
Nikon Ti 90 microscope and NIS Elements software. A minimum of 10
cells from 10 different fields were observed for each condition in each
experiment.

Flow cytometry. To analyze integrin expression, cells were dislodged
using an enzyme-free cell dissociation buffer (GIBCO). Single-cell sus-
pensions were stained using antibodies against �5, �6, and �1 integrin
(Biolegend) and were analyzed by flow cytometry using an LSRFortessa

FIG 1 Decreased FAs and actin stress fibers in WIP�/� fibroblasts. (A) Immunoblot analysis (top) and quantitation (bottom) of N-WASP in WIP�/� (knockout
[KO])and WT fibroblasts. (B) Representative bright-field differential interference contrast images (top) and immunofluorescence images (bottom) of WIP�/�

(right) and WT (left) fibroblasts. Fibroblasts were stained with vinculin (red) and actin (green), as well as with DAPI (blue). (C and D) Mean lengths of FAs (C)
and actin stress fibers (SF) (D) in WIP�/� and WT fibroblasts. (E) Representative immunofluorescence images of WIP�/� fibroblasts transduced with a lentivirus
expressing either WIP and turbo GFP (tGFP) or GAPDH and tGFP and then stained for vinculin or phalloidin (red) and with DAPI (blue). The outlines of the
cells are indicated by white dotted lines. Arrows point to focal adhesions. (F and G) Mean lengths of FAs (F) and actin stress fibers (G) in transduced WIP�/�

fibroblasts. The data represent three independent experiments, each performed on two fibroblast lines from WIP�/� mice and two from WT controls. In panels
A, C, D, F, and G, bars represent means; error bars, standard deviations. ***, P 	 0.001.
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flow cytometer (Becton, Dickinson). The data were analyzed using FlowJo
software (TreeStar Inc.).

Intracellular F-actin and G-actin contents were measured in
trypsinized single-cell suspensions. Cells were washed, fixed, permeabil-
ized in Cytofix/Cytoperm buffer (BD Biosciences), and stained either with
TRITC-conjugated phalloidin (for F-actin) or with FITC-conjugated
DNase I (Sigma). Data were analyzed using FlowJo as described above.

SRF activity assay. A lentivirus-based SRE luciferase reporter assay kit
was purchased from Qiagen (Cignal SRE [luc] assay kit). The kit contains
the firefly luciferase gene under the control of SRE (serum response ele-
ment) promoter elements and an internal standard of Renilla luciferase
under the control of the CMV promoter. Cell lines stably transfected with
the SRE-luciferase reporter were generated by infecting WIP�/� fibro-
blasts with SRE-firefly luciferase and Renilla luciferase in a 40:1 ratio, and
stable transfectants were selected with puromycin (3 �g/ml). Antibiotic-
selected fibroblasts were plated at 5,000 per well on 96-well plates and
were allowed to rest overnight. The medium was replaced with fresh me-
dium the next day, and after a 2-h incubation, the medium was aspirated;
the cells were washed three times with PBS; the cells were lysed; and SRF
activity was assayed using the Dual-Luciferase assay kit (Promega) as de-
scribed by the manufacturer. The light signal was read using a Paradigm
luminescence reader (Beckman). The result was expressed as the ratio of
firefly luciferase to Renilla luciferase.

RESULTS
WIP�/� fibroblasts have impaired FAs and actin stress fibers.
We demonstrated previously that WIP�/� T cells have a low F-ac-
tin content and a disrupted actin cytoskeleton (12). However, be-
cause WIP stabilizes WASP in T cells (7), WASP levels are very

much diminished in WIP�/� T cells, making it impossible to as-
cribe the cytoskeletal abnormalities in these cells to WIP defi-
ciency alone. WASP is not expressed in fibroblasts, and WIP is not
necessary for the stability of N-WASP in fibroblasts, since the
levels of N-WASP in lung fibroblasts derived from WIP�/� mice
and their WT littermates are comparable (Fig. 1A). We therefore
used fibroblasts to examine the role of WIP in the structure and
function of the actin cytoskeleton. In all studies, we compared two
fibroblast lines each from two WIP�/� mice and two WT litter-
mates. Similar results were obtained for each pair. We show rep-
resentative results for single lines and present the pooled data
obtained from two lines.

WT fibroblasts cultured in 10% FCS and plated on plastic as-
sumed a polygonal shape and extended robust ruffles (Fig. 1B; see
also Movie S1 in the supplemental material). In contrast, WIP�/�

fibroblasts assumed a rounded shape, and the ruffles they ex-
tended were attenuated (see Movie S2 in the supplemental mate-
rial). This finding is consistent with our previous observation of
decreased ruffle formation in murine fibroblasts microinjected
with an anti-WIP antibody (10). The shape of adherent fibro-
blasts is determined by their spreading, which depends on FAs
(26, 27). The morphology and distribution of FAs were exam-
ined by staining for the FA marker vinculin. WT fibroblasts
exhibited elongated FAs that anchored long actin stress fibers
that ran throughout the cell length (Fig. 1B). In contrast, FAs in
WIP�/� fibroblasts were significantly reduced in length and

FIG 2 Defective adherence and adhesion-driven phosphorylation of FAK in WIP�/� fibroblasts. (A) Adherence of WIP�/� and WT fibroblasts to substrates.
Bars represent means; error bars, standard deviations. ***, P 	 0.001. (B) FACS analysis of surface expression of �5, �6, and �1 integrins in WIP�/� and WT
fibroblasts. (C) Representative immunoblot and quantitative analysis of FAK phosphorylation (p-FAK) following plating of WIP�/� and WT fibroblasts on
plastic. The immunoblot for �-tubulin, used as a loading control, was developed using a different film, which explains the different background. The quantitative
results in panel C are expressed as the ratio of the intensity of phosphoprotein to total protein. The data in panels A and B are representative of results of three
independent experiments, and the data in panel C represent the results of two independent experiments, each performed on two fibroblast lines from WIP�/�

mice and two from WT controls.

WIP Is Essential for Focal Adhesion Assembly

July 2014 Volume 34 Number 14 mcb.asm.org 2603

http://mcb.asm.org


anchored significantly shorter stress fibers that were irregularly
aligned (Fig. 1B to D). Similar findings were obtained using
paxillin staining to identify FAs (see Fig. S1 in the supplemental
material). Lentiviral transduction of WIP, but not of GAPDH
(used as a control), restored WIP levels in WIP�/� fibroblasts
(see Fig. S2 in the supplemental material) and corrected their
defective FA and stress fiber formation (Fig. 1E and F). These
results suggest that WIP is essential for the formation of FAs
and stress fibers in fibroblasts.

WIP�/� fibroblasts exhibit defective adherence to sub-
strates. FAs are important for the adherence of fibroblasts to sub-
strates (28). The ability of WIP�/� fibroblasts to adhere to plastic
and to laminin- or fibronectin-coated surfaces was significantly
impaired compared to that of WT fibroblasts (Fig. 2A). Integrin
�5�1 is implicated in the serum-dependent binding of fibroblasts
to plastic, and integrins �5�1 and �6�1 are implicated in binding
to fibronectin and laminin (29, 30). Fluorescence-activated cell
sorter (FACS) analysis demonstrated that the surface expression
of �5, �6, and �1 integrins was comparable in WIP�/� and WT
fibroblasts (Fig. 2B). Thus, the failure of WIP�/� fibroblasts to
adhere to substrates was not due to impaired expression of integ-
rins on their surfaces.

The clustering of integrins following their binding to substrates
results in the recruitment of the nonreceptor tyrosine kinase FA
kinase (FAK) and its activation by autophosphorylation at residue
tyrosine 397 (Y397) (31). Enzymatically active FAK phosphorylates
several FA proteins, a step critical for FA assembly (32). Plating of
WT fibroblasts on plastic resulted in time-dependent phosphory-
lation of FAK in WT fibroblasts (Fig. 2C and D). The level of FAK
phosphorylation was markedly lower in WIP�/� fibroblasts than
in WT fibroblasts, in agreement with the attenuation of FAs in
these cells.

Decreased expression of FA proteins in WIP�/� fibroblasts.
A potential explanation for the disruption of FAs in WIP�/� fi-
broblasts is that WIP is an essential component of FAs. Immuno-
fluorescence examination of WT fibroblasts revealed that WIP
does not localize to FAs (Fig. 3A). We tested the hypothesis that
WIP deficiency results in decreased expression of FA proteins.
Immunoblot analysis revealed that the levels of zyxin, vasodilator-
associated phosphoprotein (VASP), and testin lim3 (TES) were
significantly lower in WIP�/� fibroblasts than in WT controls
(Fig. 3B). The level of vinculin was lower in WIP�/� fibroblasts
than in WT fibroblasts, but the difference did not reach statistical
significance. The levels of the non-FA protein tubulin were com-
parable in WIP�/� and WT fibroblasts (Fig. 3B). Quantitative
PCR analysis revealed significantly lower zyxin, VASP, vinculin,
and TES mRNA levels in WIP�/� fibroblasts than in WT controls
(Fig. 3C). These results suggest that decreased expression of genes
that encode key FA proteins contributes to impaired FA assembly
in WIP�/� cells.

Decreased F-actin and increased G-actin levels in WIP�/�

fibroblasts. FACS analysis of trypsinized fibroblasts intracellu-
larly stained with TRITC-conjugated phalloidin revealed that
WIP�/� cells had a significantly lower F-actin content than WT
controls (Fig. 4A). Trypsinization can drive actin polymerization
by activating RhoA through protease-associated receptors (33,
34). Rho activities were comparable in WIP�/� and WT fibro-
blasts (data not shown), indicating that the difference in F-actin
content between them is not an in vitro artifact.

Intracellular Alexa Fluor 488-conjugated DNase I staining re-

vealed that the G-actin content was significantly higher in WIP�/�

fibroblasts than in WT controls (Fig. 4B). The G-actin/F-actin
ratio was 1.83-fold 
 0.44-fold higher in WIP�/� fibroblasts than
in WT controls (n, 3; P, 	0.001). Transduction of WIP in WIP�/�

fibroblasts caused a significant increase in the F-actin content
compared to transduction of GAPDH, used as a control (Fig. 4C).
These results indicate that WIP is important for maintaining the
G↔F actin equilibrium in fibroblasts.

Decreased SRF level and activity in WIP�/� fibroblasts. Se-
rum response factor (SRF) drives the expression of genes that

FIG 3 Decreased expression of FA proteins in WIP�/� fibroblasts. (A) Rep-
resentative immunofluorescence image of WT fibroblasts stained for vinculin
(red) and WIP (green) at �400 magnification. The inset demonstrates the
absence of WIP in vinculin-rich FAs. (B) Representative immunoblot and
quantitative analysis of the FA proteins zyxin, VASP, TES, and vinculin in
WIP�/� and WT fibroblasts. �-Tubulin was used as loading control. Quanti-
tative data represent the ratio of each protein to tubulin, normalized to the
ratio in WT fibroblasts. (C) Quantitative PCR analysis of mRNA expression of
zyxin, VASP, TES, and vinculin in WIP�/� and WT fibroblasts. Results are
expressed relative to the expression of the housekeeping gene �2-microglobu-
lin and are normalized to expression in WT fibroblasts. Results in panel A are
representative of three independent experiments on each of two WT fibroblast
lines. Results in panels B and C are representative of three independent exper-
iments, each performed on two WIP�/� lines and two WT lines. Bars represent
means; error bars, standard deviations. *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001;
ns, not significant.
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encode FA proteins (14). Srf�/� mouse embryonic fibroblasts
have impaired formation of FAs and stress fibers, reduced levels of
several FA proteins, and diminished F-actin content (18), a phe-
notype similar to that of WIP�/� fibroblasts. Gene array analysis
revealed decreased expression in WIP�/� fibroblasts of 11 genes
known to be upregulated by SRF and increased expression of 2
genes known to be downregulated by SRF (35–37) (Table 1).
These findings suggested that SRF activity might be impaired in
WIP�/� fibroblasts.

SRF autoregulates its expression (14, 37). SRF protein and
mRNA expression was significantly lower in WIP�/� fibroblasts
than in WT controls (Fig. 5A and B). Furthermore, a luciferase
gene reporter assay revealed that SRF activity was markedly lower
in WIP�/� fibroblasts than in WT fibroblasts (Fig. 5C). A fusion
protein consisting of SRF and the transactivation domain of her-
pes simplex virus (HSV) protein VP16, comprising aa 412 to 490
(SRF-VP16), has been demonstrated to be constitutively active
(18, 38). Expression of SRF-VP16 induced the formation of robust

FAs and stress fibers in WIP�/� fibroblasts (Fig. 5D and E). In
contrast, expression of a mutant SRF lacking most of the DNA
binding MADS (MCM1, Agamous, Deficiens, SRF) domain fused
to VP-16 (SRF�M-VP16) failed to correct FA assembly and stress
fiber formation in WIP�/� fibroblasts (Fig. 5D and E). These re-
sults strongly suggest that reduced SRF activity in WIP�/� fibro-
blasts contributes to their impaired FA assembly and stress fiber
formation.

Impaired nuclear translocation of MRTF-A in WIP�/� fibro-
blasts. Myocardin-related transcription factors (MRTFs) A and B
are encoded by separate genes, bind to SRF, and are essential co-
activators of SRF (14, 39). MRTFs normally shuttle between the
cytoplasm and the nucleus in cells cultured in serum (15, 16).
G-actin binds to MRTFs and sequesters them in the cytoplasm
(15, 16). Consequently, the G-actin/F-actin ratio controls the nu-
clear translocation of MRTFs and SRF activity. Since WIP�/� fi-
broblasts have elevated G-actin levels, we tested the hypothesis
that the nuclear translocation of MRTFs is impaired in WIP�/�

fibroblasts. Given the high degree of homology between MRTF-A
and MRTF-B, we focused our studies on MRTF-A. Immunoblot
analysis revealed that levels of MRTF-A were comparable in
WIP�/� fibroblasts and WT controls (Fig. 6A). Intracellular stain-
ing revealed that MRTF-A was distributed in both the nucleus and
the cytoplasm in WT fibroblasts (Fig. 6B). In contrast, MRTF-A
was mostly confined to the cytoplasm in WIP�/� fibroblasts.
Nucleofection of WIP fused to enhanced GFP (WIP-EGFP), but
not EGFP alone, caused MRTF-A to localize to the nucleus in
WIP�/� fibroblasts (Fig. 6C), demonstrating that WIP plays a
critical role in the nuclear localization of MRTF-A. The binding of
MRTF-A to G-actin is mediated by three REPL motifs (15). An
MRTF-A triple point mutant, MRTF-AXXX, in which the arginine
residue in the three REPL motifs is replaced by alanine, fails to
bind G-actin but retains the ability to bind SRF (40). Conse-
quently, MRTF-AXXX resides in the nucleus and causes constitu-
tive activation of SRF. We investigated whether SRF activation by
MRTF-AXXX restores the defective FA assembly in WIP�/� cells.
WIP�/� fibroblasts were transfected with hemagglutinin (HA)-

TABLE 1 Relative mRNA expression of SRF-regulated genes in WIP�/�

fibroblasts compared to WT fibroblastsa

Gene
Fold change in
expression from WTb

Acta2 (alpha actin 2) �2.2
Cnn3 (calponin) �2.2
Cyr61 (cysteine-rich protein 61) �2.0
Fhl2 (four and a half lim domains 2) �2.5
Myh9 (nonmuscle myosin heavy chain) �2.5
Myl9 (nonmuscle myosin light chain) �2.3
Sdpr (serum deprivation response) �2.6
Tpm2 (tropomyosin 2) �2.0
Vasp (vasodilator-stimulated phosphoprotein) �1.7
Vcl (vinculin) �1.5
Zyx (zyxin) �1.7
Ctgf (connective tissue growth factor) �1.8
Nppb (natriuretic peptide type B) �4.1
a Only experimentally verified targets are listed (35–37). All genes listed are positively
regulated by SRF, except for Ctgf and Npp, which are negatively regulated by SRF. The
complete transcriptome profile is available on request.
b Values are means of results from two independent experiments using fibroblasts from
two WIP�/� mice and their WT littermates. The threshold cutoff was set at 1.5-fold.

FIG 4 Altered F-actin and G-actin contents in WIP�/� fibroblasts. (A and B)
Representative FACS and quantitative analyses of F-actin (A) and G-actin (B)
in WIP�/� and WT fibroblasts. Unstained cells were used as a background
(Bckgd) control. Quantitative results are expressed relative to the means for
WT fibroblasts. (C) Representative FACS and quantitative analyses of the ef-
fect of transduction with bicistronic vectors encoding WIP and tGFP, or
GAPDH and tGFP as a control, on F-actin contents in WIP�/� fibroblasts.
Analysis was performed on cells gated for tGFP (green) expression. Quantita-
tive results are expressed relative to the means for fibroblasts transduced with
the vector encoding GAPDH and tGFP. Results in panels A and B represent
three independent experiments performed on two WIP�/� lines and two WT
lines. Results in panel C represent two independent experiments, each per-
formed on two WIP�/� lines. Bars represent means; error bars, standard de-
viations. *, P 	 0.05; **, P 	 0.01.
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tagged MRTF-AXXX or WT MRTF-A. HA-tagged WT MRTF-A
localized almost exclusively in the cytoplasm. In contrast, HA-
tagged MRTF-AXXX localized almost exclusively in the nucleus
(Fig. 6D). WIP�/� fibroblasts that expressed MRTF-AXXX had sig-
nificantly longer FAs than those that expressed WT MRTF-A (Fig.
6D and E). In addition, they also had significantly longer stress
fibers (Fig. 6E; see also Fig. S3 in the supplemental material).
These results indicated that forced nuclear localization of
MRTF-A corrects the defective FA assembly in WIP�/� fibro-
blasts.

Deletion of actin binding domain of WIP (WIP�ABD) phe-
nocopies WIP deficiency in fibroblasts. WIP contains in its N-
terminal domain a conserved actin binding sequence (aa 43 to 54).
Deletion of this sequence abolishes the ability of a GST-WIP1–127

fusion protein to pull down actin from fibroblast lysates (9). We
tested the hypothesis that the binding of WIP to actin is essential
for FA assembly and stress fiber formation. We used lung-derived
fibroblasts from knock-in mice homozygous for a Wipf1 allele that
encodes a WIP mutant lacking this sequence (WIP�ABD mice).
The WIP�ABD mice will be described in detail elsewhere. We
compared two fibroblast lines from two WIP�ABD mice and two
WT littermates. Similar results were obtained for each pair. We
show representative results on single lines and present the pooled
data from two lines.

WIP�ABD fibroblasts expressed WIP with a molecular weight
slightly lower than that of WT WIP (Fig. 7A). The level of expres-
sion of the mutant in WIP�ABD fibroblasts was slightly lower
than that of WT WIP in control fibroblasts, but the difference was

FIG 5 Decreased SRF expression and activity in WIP�/� fibroblasts. (A and B) Representative immunoblot analysis and quantitation of SRF (A), and
quantitative PCR analysis of Srf mRNA expression (B), in WIP�/� and WT fibroblasts. (C) Reporter gene assay of SRF activity in WIP�/� and WT fibroblasts
cultured in 10% FCS. RLU, relative light units. (D) (Left) Representative immunofluorescence images of WIP�/� fibroblasts transfected with SRF-VP16 or with
SRF�M-VP16 as a control and stained for vinculin (red) and VP16 (green) and with DAPI (blue). (Right) Quantitative analysis of FA length in VP16-expressing
cells. (E) (Left) Representative immunofluorescence images of WIP�/� fibroblasts transfected with SRF-VP16 or with SRF�M-VP16 as a control and stained for
phalloidin (red) and VP16 (green) and with DAPI (blue). (Right) Quantitative analysis of stress fiber length in VP16-expressing cells. Results in panels A to C
represent three independent experiments, each performed on two WIP�/� and two WT lines. Results in panels D and E represent two independent experiments,
each performed on two WIP�/� lines. Bars represent means; error bars, standard deviations. *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001.
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not significant (Fig. 7A). The phenotype of WIP�ABD fibroblasts
replicated, albeit to a lesser degree, the phenotype of WIP�/� fi-
broblasts. WIP�ABD fibroblasts were less elongated and more
rounded than WT controls and displayed multiple poles (Fig. 7B).
They had significantly shorter FAs and actin stress fibers than WT
controls (Fig. 7C). WIP�ABD fibroblasts adhered less to sub-
strates (Fig. 7D) and expressed significantly less zyxin, VASP, and
TES than WT fibroblasts (Fig. 7E). The F-actin content was sig-
nificantly lower in WIP�ABD fibroblasts than in WT controls
(Fig. 7F). Finally, less MRTF-A was localized to the nucleus in
WIP�ABD fibroblasts than in WT controls (Fig. 7G). These re-
sults indicate that WIP binding to actin is important for maintain-
ing a normal F-actin content, nuclear translocation of MRTF-A,
expression of SRF-regulated FA genes, FA assembly, and actin
stress fiber formation in fibroblasts.

DISCUSSION

We demonstrate that by virtue of its binding to F-actin, WIP plays
a critical role in FA assembly, stress fiber formation, and adher-
ence to substrates by fibroblasts. We show that WIP shifts the
F↔G actin equilibrium away from G-actin, promoting the nu-
clear translocation of MRTFs and the activation of SRF, which
drives the expression of genes that encode FA proteins.

Independently derived lines of WIP�/� fibroblasts assumed a

round rather than a polygonal shape and demonstrated deficient
FA assembly and stress fiber formation. The decreased FA length
was unlikely to be an artifact of staining for vinculin, the level of
which was lower in WIP�/� fibroblasts than in WT controls, be-
cause similar results were obtained by staining for paxillin, which
was expressed at comparable levels in WIP�/� fibroblasts and WT
controls. The morphological abnormalities of WIP�/� fibroblasts
were reversed by the expression of WT WIP, indicating that these
abnormalities are a consequence of WIP deficiency.

FAs play an important role in stress fiber assembly (41, 42).
Conversely, stress fibers that are inserted into FAs exert tensile
forces that cause the elongation and maturation of FAs (43, 44).
Both FAs and stress fibers are important determinants of cell
shape, and abnormalities in both likely contributed to the abnor-
mal shape of WIP�/� fibroblasts. The fibroblasts we used had been
maintained in culture for more than 12 passages, by which time
they would have undergone spontaneous immortalization and at-
tained uniformity (19). It was noted previously that the shape of
WIP�/� fibroblasts at earlier passages was comparable to that of
WT fibroblasts (45, 46), but FA length and stress fibers were not
evaluated in those studies. Independent microarray analysis of
transcripts from those low-passage-number WIP�/� fibroblasts
revealed decreases in the expression of several genes encoding FA
proteins comparable to those observed in the present study in

FIG 6 Impaired nuclear localization of MRTF-A in WIP�/� fibroblasts. (A) Representative immunoblot analysis (top) and quantification (bottom) of MRTF-A
protein expression in WIP�/� and WT fibroblasts. Results are shown relative to �-tubulin expression. (B) Representative immunofluorescence images (left) and
quantitative analysis (right) of the subcellular distribution of MRTF-A in WIP�/� and WT fibroblasts stained for MRTF-A (red) and with DAPI (blue). Purple
nuclei after the merge indicate the presence of MRTF-A in the nucleus. (C) Representative immunofluorescence images (left) and quantitative analysis (right) of
nuclear localization of MRTF-A in WIP�/� fibroblasts nucleofected with WIP-EGFP, or with EGPF as a control, and stained for MRTF-A (red) and with DAPI
(blue). (D) Representative immunofluorescence images of WIP�/� fibroblasts transfected with HA-tagged MRTF-A or HA-tagged MRTF-AXXX and stained for
vinculin (red) and HA-tagged MRTF-A (green) and with DAPI (blue). Arrows indicate FA. (E) Mean lengths of FAs and actin stress fibers in transfected WIP�/�

fibroblasts expressing HA-tagged MRTF-A or HA-tagged MRTF-AXXX. Results in panels A to C represent three independent experiments, each performed on two
WIP�/� and two WT lines. Results in panels D and E represent two independent experiments, each performed on two WIP�/� lines. Bars represent means; error
bars, standard deviations. ***, P 	 0.001; ns, not significant.
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high-passage-number WIP�/� fibroblasts (I. M. Anton, unpub-
lished data), suggesting that multiple passages accentuate the dif-
ference in shape between WIP�/� and WT fibroblasts.

The importance of FAs for integrin-mediated adhesion to sub-
strates and for integrin signaling in adherent cells has been exten-
sively studied (47–49). The defective adhesion of WIP�/� fibro-
blasts to substrates despite normal surface expression of integrins
and their defective adhesion-driven phosphorylation of FAK
upon plating are consistent with the impaired assembly of FAs in
these cells. We were unable to detect WIP in FAs, suggesting that
WIP plays an indirect role in FA assembly. The levels of a number
of FA proteins, including VASP, zyxin, TES, and vinculin, were
decreased in WIP�/� fibroblasts. This was associated with a con-
comitant decrease in the mRNA expression of the genes that en-
code these FA proteins. Both vinculin and VASP have been dem-
onstrated to be important for FA assembly and cell adhesion (25,
50), suggesting that deficiencies in these FA proteins contribute to

defective FA assembly in WIP�/� fibroblasts. In contrast, zyxin-
deficient fibroblasts show enhanced adhesion (19), suggesting that
zyxin has important effects on cell adhesion other than those that
contribute to FA assembly.

We provide evidence that WIP regulates the expression of
genes that encode FA proteins by driving the G↔F actin equilib-
rium toward F-actin, thereby promoting the nuclear translocation
of MRTF-A and consequently the activity of SRF, which regulates
the expression of these genes. This mechanism was supported by
the following observations. First, WIP�/� fibroblasts had signifi-
cantly decreased levels of F-actin and, conversely, increased levels
of G-actin, which is known to sequester MRTF-A in the cytosol.
Reconstitution of WIP�/� fibroblasts with WIP reversed the de-
crease in F-actin content. The decreased F-actin content in
WIP�/� fibroblasts is most likely a direct consequence of the loss
of the stabilizing effect of WIP on F-actin. This is supported by our
previous observation that WIP binds to F-actin and inhibits its

FIG 7 Deletion of the WIP acting domain (WIP�ABD) phenocopies WIP deficiency in fibroblasts. (A) Immunoblot analysis and quantification of WIP in
WIP�ABD and WT fibroblasts. (B) Representative immunofluorescence images of WIP�ABD and WT fibroblasts stained for vinculin (red) and actin (green)
and with DAPI (blue). (C) Mean lengths of FAs and actin stress fibers in WIP�ABD and WT fibroblasts. (D) Adherence of WIP�ABD and WT fibroblasts to
substrates. (E) Representative immunoblots of TES, VASP, zyxin, and vinculin in WIP�ABD and WT fibroblasts. �-Tubulin was used as a loading control. (F)
Representative FACS analysis and quantification of F-actin in WIP�ABD and WT fibroblasts. Quantitative results are expressed relative to the mean for WT
fibroblasts. (G) Representative immunofluorescence images and quantitative analysis of the subcellular distribution of MRTF-A in WIP�ABD and WT fibro-
blasts stained for MRTF-A (red) and with DAPI (blue). Purple nuclei after the merge indicate the presence of MRTF-A in the nucleus. Bars represent means; error
bars, standard deviations. ***, P 	 0.001; ns, not significant.
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depolymerization (10). Second, nuclear localization of MRTF-A
was impaired in WIP�/� fibroblasts and was restored upon the
introduction of WIP. Reconstitution with a MRTF-A mutant that
does not bind G-actin and that constitutively translocates to the
nucleus restored FA assembly and stress fiber formation in
WIP�/� fibroblasts. Pharmacologic agents that interfere with
MRTF-A nuclear translocation by shifting the G↔F actin equilib-
rium toward G-actin inhibit the expression of a number of genes
that are important for FA assembly and exhibit decreased levels in
WIP�/� fibroblasts. These include Acta2, Cyr61, Fhl2, Myh9,
Myl9, Sdpr, Srf, Tagln, Tpm, Vcl, and Zyx (35). Third, the level and
activity of SRF were decreased in WIP�/� fibroblasts. Further-
more, the phenotypes of SRF�/� and WIP�/� fibroblasts are strik-
ingly similar, with defective FA assembly and stress fiber forma-
tion, decreased F-actin content and increased G-actin content,
decreased expression of a number of genes that encode FA pro-
teins, and reduced adhesion and activation of FAK (18). More
importantly, the introduction of constitutively active SRF in the
form of an SRF-VP16 fusion protein rescued FA assembly and
stress fiber formation in WIP�/� fibroblasts.

We show that the binding of WIP to actin controls the actin
dynamics¡MRTF-A¡SRF¡FA assembly signaling cascade. Fi-
broblasts from knock-in mice that express a WIP mutant lacking
the actin-binding domain phenocopied WIP�/� fibroblasts. They
had decreased F-actin content, impaired nuclear translocation of
MRTF-A, and decreased expression of FA proteins, as well as de-
creased FA assembly, shorter stress fibers, and decreased adhesion,
underscoring the importance of the actin binding function of WIP
in regulating the actin dynamics¡FA assembly axis. WIP has two
homologues, CR16 and WIRE/WICH. CR16 is expressed almost
exclusively in the brain. WIRE/WICH contains the actin-binding
motif KLKK and has been shown to stabilize F-actin (51). WIRE/
WICH is expressed predominantly in the brain and colon and to a
lesser extent in the lung and stomach (51); it is expressed mini-
mally in fibroblasts compared to WIP, as determined by RT-PCR
(unpublished observations). The observation that fibroblasts
from WIP�/� and WIP�ABD mice exhibit a distinct morpholog-
ical phenotype indicates that actin binding by WIP plays a domi-
nant role in the genesis of this phenotype. However, the possibility
that WIRE/WICH might partially compensate for WIP deficiency
in fibroblasts cannot be ruled out.

We show that a number of genes that play important roles in
cancer cell migration, invasion, and metastasis or are tumor sup-
pressors are regulated by WIP, as well as by the MRTF-SRF com-
plex. These include Vasp, vinculin, zyxin, Myh9, Myl9, Tes, and
Cyr61 (36, 52–58). In addition, FAK, the activation of which is
regulated by WIP, plays an important role in tumor invasion and
metastatic cell adhesion and has recently been a target for cancer
therapy (59, 60). It would be of interest to explore the potential
role of WIP in cancer cell invasion and metastasis.
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