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Migration of fibroblasts is important in wound healing. Here, we demonstrate a role and a mechanism for h3/acidic
calponin (aCaP, CNN3) in REF52.2 cell motility, a fibroblast line rich in actin filaments. We show that the actin-binding
protein h3/acidic calponin associates with stress fibers in the absence of stimulation but is targeted to the cell cortex and
podosome-like structures after stimulation with a phorbol ester, phorbol-12,13-dibutyrate (PDBu). By coimmunoprecipi-
tation and colocalization, we show that extracellular signal-regulated kinase (ERK)1/2 and protein kinase C (PKC)�
constitutively associate with h3/acidic calponin and are cotargeted with h3/acidic calponin in the presence of PDBu. This
targeting can be blocked by a PKC inhibitor but does not require phosphorylation of h3/acidic calponin at the PKC sites
S175 or T184. Knockdown of h3/acidic calponin results in a loss of PDBu-mediated ERK1/2 targeting, whereas PKC�
targeting is unaffected. Caldesmon is an actin-binding protein that regulates actomyosin interactions and is a known
substrate of ERK1/2. Both ERK1/2 activity and nonmuscle l-caldesmon phosphorylation are blocked by h3/acidic calponin
knockdown. Furthermore, h3/acidic calponin knockdown inhibits REF52.2 migration in an in vitro wound healing assay.
Our findings are consistent with a model whereby h3/acidic calponin controls fibroblast migration by regulation of
ERK1/2-mediated l-caldesmon phosphorylation.

INTRODUCTION

The cytoskeleton of a nonmuscle cell controls cell shape and
motility but can also play an important role in many signal-
ing pathways (Carpenter, 2000). Integrin receptors for exam-
ple connect the extracellular matrix to mitogen-activated
protein kinase (MAPK) cascades, thereby leading to alter-
ations in gene expression and actin organization (Chu et al.,
2000).

Extracellular signal-regulated kinase (ERK)1/2 is a mem-
ber of the MAPK family. It is a serine/threonine kinase and
is activated by a mitogen-activated protein (MAP)-kinase/
ERK kinase (MEK). Activated ERK1/2 molecules form ho-
modimers that are able to translocate into the nucleus, phos-
phorylate transcription factors such as Myc, and thereby
regulate gene expression (Khokhlatchev et al., 1998; Lewis et
al., 1998). In undifferentiated cells, MAPK signaling mainly
promotes cell growth, but several indications exist that this
cascade also controls cytoskeleton remodelling and thereby
shape, contractility, and motility (English et al., 1999; Hai
and Gu, 2006).

The protein kinase C (PKC) family consists of at least 12
phospholipid-dependent serine/threonine protein kinases,
whose activity is controlled by both the interaction of cofac-
tors as well as by its phosphorylation status. For release of
the autoinhibitory pseudosubstrate domain from the sub-
strate binding site, all PKCs require phosphatidylserine as
cofactor. For the binding of lipids and for activation, PKCs
must additionally be phosphorylated at three highly con-
served sites in the catalytic domain (Newton, 1997). Depend-
ing on their subcellular localization, expression status, and
substrate specificity, members of the PKC family are impli-
cated in a variety of cellular processes, including prolifera-
tion, differentiation, apoptosis, cell motility, and cytoskele-
ton rearrangements (Toker, 1998).

The actin-associated protein calponin (CaP) has also been
proposed to have both cytoskeletal and signaling functions,
although in differing settings, and by different investigators
(Winder and Walsh, 1990a; Shirinsky et al., 1992; Menice et
al., 1997; Leinweber et al., 1999, 2000). CaP was first isolated
from gizzard smooth muscle cells as h1CaP (CNN1, basic
CaP) and was shown to inhibit in vitro actomyosin ATPase
activity and thus, by implication, contractility (Winder and
Walsh, 1990b). To date, there are three known isoforms of
calponin that are encoded by different genes. Basic or h1CaP
is restricted in its expression to differentiated smooth muscle
(Takahashi et al., 1988), whereas h2CaP (CNN2, neutral CaP)
(Strasser et al., 1993) and h3/acidic CaP (CNN3, aCaP)
(Applegate et al., 1994) are more widely expressed yet far
less well studied. All CaP proteins consist of a conserved
CaP homology domain located in their N terminus and three
CaP like repeats referred to as CLIK motifs (Mezgueldi et al.,
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1995; Mino et al., 1998; Burgstaller et al., 2002), whereas the
very C terminus is a highly variable region. The h3/acidic
isoform of CaP contains a C-terminal domain that is strongly
acidic (Applegate et al., 1994).

Only the basic isoform of CaP has been investigated in any
detail mechanistically and yet its function in smooth muscle
remains highly controversial. Some authors (Takahashi et al.,
1986; Allen and Walsh, 1994) have suggested that it func-
tions in a manner similar to that of troponin in striated
muscle by directly inhibiting actomyosin interactions. Oth-
ers (Menice et al., 1997; Leinweber et al., 1999; Je et al., 2001)
have suggested a qualitatively different functional mecha-
nism of facilitating agonist-induced signal transduction and
contractility by acting as an adaptor protein for ERK1/2 and
PKC�/� in differentiated vascular smooth muscle cells. Lit-
tle is known about the mechanistic function of the h3/acidic
isoform except by analogy to h1CaP.

In the present study we examined the role of the h3/acidic
isoform of CaP in ERK1/2 signaling, using REF52.2 fibro-
blasts as a model of nonmuscle cells with a distinctive actin
cytoskeleton. Our results demonstrate that h3/acidic CaP
constitutively associates with both ERK1/2 and PKC� in
vivo and cotranslocates to the cell cortex and podosome-like
structures together with these two signaling molecules after
stimulation with the phorbol ester phorbol-12,13-dibutyrate
(PDBu). The h3/acidic CaP translocation is blockable by a
PKC inhibitor but does not require phosphorylation at
Ser175 and/or Thr184 by PKC. By using a C-terminal dele-
tion mutant of h3/acidic CaP, we also show that the acidic
tail of the protein is not involved in the PDBu-mediated
translocation process. Moreover, a small interfering RNA
(siRNA)-mediated knockdown of h3/acidic CaP blocks not
only PDBu-mediated ERK1/2 targeting, ERK1/2 activation,
and phosphorylation of the ERK1/2 substrate l-caldesmon
(low-molecular-weight form of CaD [l-CaD]) but also cell
migration in a wound healing assay. Our results indicate
that h3/acidic CaP plays an important role in REF52.2 fibro-
blast motility, probably due to a regulation of ERK1/2 me-
diated l-CaD phosphorylation.

MATERIALS AND METHODS

DNA Constructs
Rat h3/acidic CaP cDNA was excised from pET30b(�)-aCaP (plasmid was a
gift from T. Tao, Boston Biomedical Research Institute, Watertown, MA) with
restriction enzymes BamHI and HindIII and cloned into the pCMV-tag 2A
mammalian expression vector (Clontech, Mountain View, CA). The plasmid,
further denoted as pFLAG-aCaP-wt, codes for the FLAG-aCaP-wt fusion
protein. To generate a pFLAG-aCaP-S175A construct, harboring the point
mutation S175 to alanine, site-directed mutagenesis was performed with the
oligonucleotide pair 5�-aaa tgt gcc gcc cag gcg gg-3� and 5�-ccc gcc tgg gcg gca
cat tt-3�, by using pFLAG-aCaP-wt as template. The pFLAG-aCaP-S175A/
T184A mutant was generated using the QuikChange II XL site-directed
mutagenesis kit (Stratagene, La Jolla, CA) with the oligonucleotide pair 5�-gta
tga cag cct atg ggg ctc gga ggc atc ttt atg-3� and 5�-cat aaa gat gcc tcc gag ccc
cat agg ctg tca tac-3�, by using pFLAG-aCaP-S175A as template. To generate
rat aCaP-wt and aCaP-�Ct deletion mutants, we amplified the fragments in a
polymerase chain reaction (PCR) with the following oligonucleotide pairs:
5�-gaa aga tct atg acc cac ttc aac aag ggc-3� and 5�-cgc gga tcc cta gta atc gat
gcc-3� for aCaP-wt; 5�-gaa aga tct atg acc cac ttc aac aag ggc-3� and 5�-cgc gga
tcc aca gta ctt ggg gtc-3� for aCaP-�Ct. PCR fragments were digested with
BglII and BamHI and cloned into the pEGFP-C1 plasmid (Clontech). Gener-
ated plasmids are further denoted as pEGFP-aCaP-wt and pEGFP-aCaP-�Ct
(corresponding to amino acids [aa] 1–273). To generate bacterial expression
vectors coding for either ferret h1CaP or rat h3/acidic CaP, we have chosen
the pTYB2 vector (IMPACT-CN System; New England Biolabs, Ipswich, MA)
which contains a C-terminal chitin binding domain (CBD). Ferret h1CaP
fragment was amplified by PCR using oligonucleotides 5�-gga att cca tat gat
gtc ctc tgc tca c-3� and 5�-ctc gag ggc gga gtt ata gta gtt g-3� and pET30b(�)-
h1CaP as template. Rat h3/acidic CaP fragment was amplified with oligonu-
cleotide pairs 5�-gga att cca tat gat gac cca ctt caa caa g-3� and 5�-tcc ccc ggg
gta atc gat gcc c-3� by using pET30b(�)-aCaP as template. The h1CaP frag-

ment was cloned via NdeI and XhoI restriction sites into the pTYB2 vector,
and h3/acidic CaP via NdeI and SmaI. The validity of all constructs was
confirmed by DNA sequencing.

Cell Culture and Transfection
The rat embryonic REF52.2 and the mouse NIH-3T3 fibroblast cell lines were
kindly provided by Dr. K. H. Scheidtmann (University of Bonn, Bonn, Ger-
many), and mouse BALB/c 3T3 fibroblast cells were kindly provided by Dr.
Joyce Wong (Boston University, Boston, MA). All cell lines were maintained
in DMEM high glucose (Sigma-Aldrich, St. Louis, MO) supplemented with
10% fetal calf serum (FCS) (Invitrogen, Carlsbad, CA) and 1% Pen/Strep
(Invitrogen). For siRNA transfection experiments, cells were seeded at 2 �
105/60-mm culture dish or at 1.7 � 104/coverslip and transiently transfected
using Lipofectamine 2000 transfection reagent (Invitrogen) according to the
manufacturer’s protocol. A mix of four different siRNA sequences against rat
h3/acidic calponin (SMARTpool Rat CNN3) or mouse h3/acidic calponin
(SMARTpool Mouse CNN3) was purchased from Dharmacon RNA Technol-
ogies (Lafayette, CO). As control, a mix of four different nontargeting siRNA
sequences was used (Dharmacon RNA Technologies; nontargeting siRNA
pool #2). For DNA transfection, cells were seeded at 1.7 � 104/coverslip and
transiently transfected by using the jetPEI transfection reagent (PolyPlus,
New York, NY) according to the manufacturer’s protocol. Calphostin (Cal-
biochem, San Diego, CA) was used at a final concentration of 0.5 or 1 �M for
30 min, after a prior serum starvation for 30 min and before PDBu stimulation.
Cells could not be serum starved for longer times because cells being exposed
to prolonged serum starvation displayed phenotypic anomalies indicative of
cellular stress related to serum starvation. PDBu was purchased from Calbio-
chem and used at a final concentration of 1 �M for 30 min.

Immunofluorescence Analysis
For immunofluorescence analysis, cells were fixed with 3% paraformalde-
hyde in phosphate-buffered saline (PBS) for 20 min at room temperature after
treatment with 1% bovine serum albumin, 1% goat serum, and 0.1% Triton
X-100 in PBS for at least 1 h and stained overnight at 4°C, depending on the
experiment, with the rabbit polyclonal anti-h3/acidic CaP antibody (calponin
3 H-55; Santa Cruz Biotechnology, Santa Cruz, CA) at 1:1000 dilution, the
mouse monoclonal anti-PKC� antibody (PKC� clone M4; Millipore, Billerica,
MA) at 1:1000 dilution, the mouse monoclonal anti-phospho-ERK1/2 anti-
body (p44/42 MAPK (Thr202/Tyr204) E10; Cell Signaling Technology, Bev-
erly, MA) at 1:1000 dilution, the mouse monoclonal anti-caldesmon antibody
(Abcam, Cambridge, MA) at 1:250 dilution, the rabbit polyclonal anti-cortac-
tin antibody (H222; Cell Signaling Technology) at 1:500 dilution, the rabbit
polyclonal anti-matrix metalloproteinase-2 antibody (MMP2; Abcam) at 1:200
dilution, and the mouse monoclonal anti-FLAG M2 antibody (Sigma-Aldrich)
at 1:2500 dilution. For costaining of h3/acidic CaP and ERK1/2, we used the
rabbit polyclonal anti-MAP kinase (ERK1/2) CT antibody coupled to fluores-
cein isothiocyanate (Millipore) at 1:500 dilution and the rabbit polyclonal
anti-h3/acidic CaP antibody (calponin 3 H-55; Santa Cruz Biotechnology)
coupled to Alexa555 at a dilution of 1:500. Alexa555 dye coupling to anti-h3/
acidic CaP was performed using the AlexaFluor555 labeling kit (Invitrogen)
following manufacturer’s protocol. As secondary antibodies, Alexa488-conju-
gated goat anti-mouse immunoglobulin (Ig)G (Invitrogen), Alexa568-conju-
gated goat anti-rabbit IgG (Invitrogen), or Alexa488-conjugated goat anti-
rabbit IgG (Invitrogen) was used at 1:1000 dilution and incubated for 30 min.
Filamentous actin was stained with Alexa488- or Alexa568-labeled phalloidin
(Invitrogen) at 1:5000 dilution, nuclei were stained with 4,6-diamidino-2-
phenylindole (Sigma-Aldrich) for 15 min and subsequent washing with PBS.
Cells were examined with a TE 2000-E2 Perfect Focus epifluorescence micro-
scope (Nikon Instruments, Melville, NY) and a 60�, numerical aperture 1.4 oil
immersion objective. For deconvolution, three-dimensional images were ac-
quired and recorded with a CoolSNAP HQ2 camera (Photometrics, Tucson, AZ).
Out-of-focus fluorescent blur was removed by deconvolution using the NIS-
Elements AR 3.0 software (Nikon Instruments) (Richardson-Lucy algorithm, con-
strained iterative-maximum likelihood estimation algorithm). Images were trans-
ferred with Adobe Photoshop CS4 software (Adobe Systems, Mountain View, CA).

SDS-Polyacrylamide Gel Electrophoresis (PAGE) and
Western Blot Analysis
Cells were lysed in isotonic lysis buffer (10 mM NaPO4, pH 8.0, 140 mM NaCl,
3 mM MgCl2, 1 mM dithiothreitol, 0.5% Nonidet-P40, and 1� protease
inhibitor mix [Roche Diagnostics, Indianapolis, IN]). Cell lysates were sub-
jected to SDS-PAGE according to standard procedures and electrophoretically
transferred onto polyvinylidene difluoride membranes (Millipore). Residual
protein binding sites on the membrane were blocked with blocking buffer
(Odyssey; LI-COR Biosciences, Lincoln, NE). The membranes were incubated
either with the rabbit polyclonal anti-h3/acidic CaP antibody (calponin 3
H-55; Santa Cruz Biotechnology) at 1:2000 dilution, the mouse monoclonal
anti-h1CaP antibody (calponin clone hCP; Sigma-Aldrich) at 1:100,000 dilu-
tion, the mouse monoclonal anti-h2CaP antibody (h2-calponin CP21; Hossain
et al., 2005) at 1:1000 dilution, the rabbit polyclonal anti-ERK1/2 antibody
(ERK1/2 CT; Millipore) at 1:500 dilution, the mouse monoclonal anti-phos-
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pho-ERK1/2 antibody (p44/42 MAPK [Thr202/Tyr204] E10; Cell Signaling
Technology) at 1:2000 dilution, the mouse monoclonal anti-caldesmon anti-
body (Abcam) at 1:500 dilution, the rabbit polyclonal anti-phospho-caldes-
mon (S789) antibody (Millipore) at 1:500 dilution, the mouse monoclonal
anti-�-tubulin antibody (Sigma-Aldrich) at 1:5000 dilution, the rabbit poly-
clonal anti-PAN actin antibody (Cytoskeleton, Denver, CO) at 1:2000 dilution
or the mouse monoclonal anti-CBD antibody (New England Biolabs) at 1:2000
dilution. As secondary antibodies, IRDye680-conjugated goat anti-rabbit IgG
(Odyssey; LI-COR Biosciences) and IRDye800CM-conjugated goat anti-
mouse IgG (Odyssey; LI-COR Biosciences) were used at 1:2000 dilution and
incubated for 30 min. Bound antibodies were detected with an Odyssey 1400
infrared imager (Odyssey; LI-COR Biosciences).

Protein Expression and Purification of CBD-tagged
h3/Acidic and h1 Calponin
Ferret h1 and rat h3/acidic calponin proteins were expressed in Escherichia coli
BL21 cells with a C-terminal CBD tag. The methods were according to
instructions of the supplier. In brief, E. coli BL21 cell pellets were resuspended
in lysis buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 1 mM EDTA, and 0.1%
Triton X-100) and sonicated. After centrifugation, the supernatant containing
the expressed proteins was used for purification with chitin beads (see In
Vitro Pull-Down Assay).

In Vitro Pull-Down Assay
CBD-tagged h3/acidic or h1 calponin proteins, respectively. The CBD tag
alone for controls were attached to affinity resins by passing E. coli BL21
lysates through chitin beads. After several washes with a buffer containing 20
mM Tris-HCl, pH 8.0, 500 mM NaCl, and 1 mM EDTA, resins were stored at
4°C and used for pull-down assays. The pull-down assay was performed by
incubating the beads with recombinant, active murine ERK2 protein (p42
MAP kinase; New England Biolabs) overnight at 4°C in 1� MAP kinase
reaction buffer (New England Biolabs) containing 1� protease inhibitor mix
(Roche Diagnostics). Resins were subsequently washed three times with
phosphate lysis buffer. Proteins were eluted from the resin by boiling at 100°C
for 5 min with SDS sample buffer. Eluted proteins were detected by Western
blotting with specific antibodies.

Immunoprecipitation
REF52.2 cells were washed with ice-cold PBS and lysed in isotonic lysis buffer.
The lysates were precleared with protein A agarose (Sigma-Aldrich) at 4°C for
at least 1 h and then subjected to immunoprecipitation with the anti-MAP
kinase/ERK1/2 agarose conjugate (Millipore) at 4°C overnight. As a negative
control, cell lysates were incubated with normal rabbit IgG-agarose conjugate
(Santa Cruz Biotechnology). The immunoprecipitates were washed three
times with low-stringency lysis buffer (10 mM NaPO4, pH 8.0, 50 mM NaCl,
3 mM MgCl2, 1 mM dithiothreitol, 0.5% Nonidet-P40, and 1� protease
inhibitor mix [Roche Diagnostics]); the samples were separated on 8.5%
SDS-PAGE and further analyzed by Western blotting. For precipitating h3/
acidic CaP, REF52.2 cell lysates were precleared with protein G-coupled
Dynabeads (Invitrogen). To reduce background, the antibodies used in this
assay were cross-linked to protein G-coupled Dynabeads by using the cross-
linking reagent bis(sulfosuccinimidyl)suberate following manufacturer’s in-
structions. The precleared cell lysates were incubated overnight at 4°C with
the rabbit polyclonal anti-h3/acidic CaP antibody (Santa Cruz Biotechnology)
cross-linked to protein G-coupled Dynabeads. As negative control, the rabbit
polyclonal anti-green fluorescent protein (GFP) antibody (Clontech) cross-
linked to protein G-coupled Dynabeads was used. Precipitated proteins were
washed three times with isotonic lysis buffer and eluted by incubation at 80°C
for 10 min in sample buffer. Samples were separated on 8.5% SDS-PAGE and
further analyzed by Western blotting.

In Vitro Wound Healing Assay
REF52.2 cells (1 � 105) were seeded on 35-mm uncoated glass bottom culture
dishes (MatTek, Ashland, MA). Sixteen hours later, cells were transfected
with either siRNA against rat h3/acidic calponin or nontargeting siRNA as
control. Seventy-two hours after transfection the cell culture medium was
exchanged to DMEM containing 10% FCS, 1% Pen/Strep, and 20 mM HEPES
buffer, pH 7.2, and the confluent cell layer was wounded using a 100-�l
“yellow” pipette tip. Cultures were maintained in a stage top RC 30 micro-
incubator (Warner Instruments, Hamden, CT) at 35°C on an IX 81 microscope
(Olympus, Tokyo, Japan). Sterile tissue culture grade mineral oil (Sigma-
Aldrich) covered the cell culture medium to prevent evaporation and to give
an optically flat viewing area. Wound healing was monitored over 20 h with a
10� phase contrast objective, and images were collected every 15 min using
a CoolSNAP HQ camera (Photometrics) controlled by IPLab software (BD
Biosciences, San Jose, CA). Quantification of the wound healing process by
measuring the wound area and manual tracking of single cells was performed
with the ImageJ software (National Institutes of Health, Bethesda, MD).

Statistical Analysis
All values in the text are mean � SE. Differences between means were
evaluated using a two-tailed Student’s t test. Significant differences were
taken at the p � 0.05 level.

RESULTS

Expression Level and Intracellular Localization of
h3/Acidic CaP in Fibroblast Cell Lines and Tissue
The h3/acidic isoform of calponin is known to be expressed
ubiquitously, even though it was previously speculated that
its expression is highest in brain cells and its role was mainly
studied in these cell types (Rozenblum and Gimona, 2008).
Using a multitissue Western blot derived from ferret (Vet-
terkind and Morgan, 2009), we show here that h3/acidic
CaP is indeed expressed in a variety of tissues, including
brain, liver, kidney, lung, trachea, heart, aorta, and portal
vein. There was, however, no detectable h3/acidic CaP pro-
tein in skeletal muscle (Figure 1A).

Figure 1. Expression level and intracellular localization of h3/
acidic CaP. (For brevity, the abbreviation aCaP is used for h3/acidic
CaP in all figures.) (A) A ferret multiple tissue Western blot was
stained with antibodies against PAN-actin, tubulin-�, and h3/acidic
CaP (aCaP). (B–E) Whole cell lysates (50 �g) of rat REF52.2 (B),
mouse NIH-3T3 (C), mouse BALB/c 3T3 (D), and rat A7r5 (E) cells
were analyzed by SDS-PAGE and subsequent Western blotting with
specific antibodies against h3/acidic CaP (aCaP), h1CaP, or h2CaP
as indicated. (F) REF52.2 cells were stained with the h3/acidic
CaP-specific antibody used in A–E (a) and with Al488-labeled phal-
loidin (b) to detect actin filaments. Images were obtained with
deconvolution microscopy. The yellow signals in the merged image
(d) indicate colocalization. Bar, 10 �m.
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In the present study, we wanted to examine the role of
h3/acidic CaP in nonmuscle cells but with a pronounced
actin cytoskeleton, because the protein is tightly bound to
actin filaments and probably exerts its function mainly
through this cell compartment. Therefore, as a cell culture
model we chose the fibroblast cell line REF52.2, which har-
bors a strong actin filament system. As shown in Figure 1B,
immunostaining of rat REF52.2 cell homogenates with a
specific antibody for h3/acidic CaP shows a single band at
the molecular mass for h3/acidic CaP (�36 kDa, lane 1) that
does not cross react with the h2CaP isoform (�32 kDa, lane
3) at a lower molecular mass. No detectable amount of
smooth muscle specific h1CaP (�32 kDa, lane 2) was seen.
To rule out that REF52.2 fibroblasts are unusual in display-
ing a high expression level of h3/acidic CaP, we examined
two more fibroblast cell lines: mouse NIH-3T3 cells exhibit
the same CaP expression pattern as REF52.2 cells as can be
seen in Figure 1C (lanes 1 and 3), whereas mouse BALB/c
3T3 cells express only the h3/acidic isoform of CaP as
shown in Figure 1D, lane 1. In contrast, in rat smooth muscle
A7r5 cells all three CaP isoforms are present and can be
detected (Figure 1E, lanes 1–3). Using the same anti-h3/acidic
CaP antibody as for the Western blot, cellular immunofluores-
cence shows that h3/acidic CaP is located at actin filaments in
REF52.2 cells, as indicated by phalloidin costaining (Figure
1Fd, arrows). However, there is also some h3/acidic CaP pro-
tein located in the cytosol that does not colocalize with actin
filaments (Figure 1F, a and d).

Interaction Studies with h3/acidic CaP, ERK1/2,
and PKC�

To test whether h3/acidic CaP is involved in PKC�–ERK1/2
signaling pathways, we examined whether h3/acidic CaP,
ERK1/2, and PKC� coexist in a complex. For this purpose,
we performed coimmunoprecipitation assays to probe for
protein–protein interactions. Whole REF52.2 cell lysates
were incubated with anti-ERK1/2-agarose beads (Figure 2A,
lane 3). Rabbit IgG directly coupled to agarose was used as
a control (Figure 2A, lane 2). Although no ERK1/2, h3/
acidic CaP or PKC� pull-down could be detected in the
control sample (Figure 2A, lane 2), both h3/acidic CaP and
PKC� were coprecipitated with ERK1/2 (Figure 2A, lane 3).
A lysate input control (10 �g of total protein) is shown in
lane 1. To further corroborate these data, we also performed
coimmunoprecipitation studies with REF52.2 cell lysates by
using the anti-h3/acidic CaP antibody for precipitation. As
shown in Figure 2B, both ERK1/2 and PKC� are copurified
with h3/acidic CaP (lane 3), whereas there is no ERK1/2,
h3/acidic CaP, or PKC� protein in the negative control (lane
2). However, there is less apparent ERK2 coprecipitating
with h3/acidic CaP compared with ERK1 (lane 3). This
might be due to a preference of h3/acidic CaP to binding to
ERK1. The input lysate control (lane 1; 10 �g of total pro-
tein), in contrast, indicates that there is less ERK2 protein
than ERK1 protein in the lysate used for the coimmunopre-
cipitation assay. A different batch of ERK1/2 antibody was
used in panel 2B than 2A, so differences in antibody affinities
are possible. Hence, the difference of coprecipitated ERK1
and ERK2 together with h3/acidic CaP is more likely due to
technical differences. In summary, the results from the co-
immunoprecipitation studies show that h3/acidic CaP,
PKC�, and ERK1/2 associate in vivo in unstimulated cells.
Moreover, coprecipitated PKC� and h3/acidic CaP amounts
did not increase upon PDBu treatment (data not shown),
demonstrating that those three proteins constitutively form
a complex.

We next wanted to know whether h3/acidic CaP is able to
bind ERK directly as it was shown for the basic isoform of
calponin (Leinweber et al., 1999). To address this question,

Figure 2. Interaction studies with h3/acidic CaP, ERK1/2, and
PKC�. (A) REF52.2 whole cell lysates were subjected to coimmuno-
precipitation by using the rabbit polyclonal anti-ERK1/2 antibody
coupled to protein A agarose (lane 3). For negative control, lysates
were incubated with rabbit IgG coupled to protein A agarose (lane
2). The immunoprecipitated proteins were separated on an 8.5%
SDS-PAGE. A lysate input control (10 �g of total protein) was
loaded in lane 1. Arrows indicate the positions of PKC�, ERK1,
ERK2, and aCaP. A typical Western blot is shown here, and the
experiment was repeated three times. (B) Lysates of REF52.2 cells
were incubated with the specific h3/acidic CaP antibody (lane 3)
cross-linked to protein G-coupled Dynabeads. Lysates incubated
with the GFP-antibody cross-linked to protein G-coupled Dyna-
beads served as negative control (lane 2). Proteins were eluted from
the beads and subsequently analyzed by Western blotting. Ten
micrograms of total protein of the lysate was loaded as input (lane
1). Arrows indicate the positions of PKC�, ERK1, ERK2, and aCaP.
A typical Western blot is shown here, and the experiment was
repeated three times. (C) Recombinant h3/acidic CaP-CBD (aCaP-
CBD; lane 2), h1CaP-CBD (lane 3), or the CBD tag alone (lane 1),
bound to chitin beads were used in an in vitro pull-down assay to
probe for direct interaction with recombinant ERK2 protein. Precip-
itated proteins were eluted from the chitin beads and analyzed by
Western blotting. The membrane was immunostained with an anti-
CBD antibody and the polyclonal anti-ERK1/2 antibody.
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we performed an in vitro pull-down assay. Therefore, we
used purified recombinant h1CaP as positive control and
recombinant h3/acidic CaP, bound to chitin beads via a
CBD tag. The CBD tag alone served as negative control.
Recombinant active ERK2 protein was then incubated with
the proteins and bound proteins were eluted from the beads
and subsequently analyzed by Western blot using antibod-
ies against the CBD tag and ERK2. For both h3/acidic (Fig-
ure 2C, lane 2) and basic CaP (Figure 2C, lane 3), we saw a
strong interaction with ERK2, whereas there was only little
ERK2 bound to the CBD tag alone (Figure 2C, lane 1). Note
that the CBD tag visible in lanes 2 and 3 (Figure 2C, middle)
derives from proteolysis of the recombinant h3/acidic CaP-
CBD and h1CaP-CBD proteins. Hence, we conclude that
h3/acidic CaP is able to bind ERK2 directly.

h3/Acidic CaP, ERK1/2, and PKC� Localize at the Cortex
and in Podosome-like Structures upon PDBu Stimulation
We wanted to know whether h3/acidic CaP, ERK1/2, and
PKC� translocate in PDBu-stimulated fibroblast cells, be-
cause activated PKC and activated ERK1/2 are reported to
localize at the cell membrane, and h1CaP was shown to
move to the cell cortex in stimulated differentiated vascular
smooth muscle cells (Khalil and Morgan, 1993; Pouyssegur,
2000). The rat fibroblast cell line REF52.2 was stimulated
with the PKC-activator PDBu and subsequently immuno-
stained for either h3/acidic CaP, ERK1/2, or PKC�. Actin
filaments were visualized using Alexa568-labeled phalloi-
din. As shown in Figure 3, all three proteins do translocate
to the cell cortex and actin-rich aggregates (Figure 3, A–C,
see arrows in merged images) in stimulated REF52.2 fibro-
blast cells. Because PDBu is known to induce podosomes in
a variety of cell types, we were curious to see whether these
actin-rich aggregates might represent podosomes. There-
fore, we immunofluorescently labeled endogenous cortactin
and MMP-2 proteins in stimulated REF52.2 cells. Indeed, the
actin-rich aggregates forming upon PDBu treatment colocal-
ize with cortactin (Figure 3D), a protein known to be re-
quired for the formation and function of podosomes. More-
over, the structures also colocalized with MMP-2 (Figure
3E), a protease known to be secreted at podosomes/inva-
dopodia (Webb et al., 2006; Clark and Weaver, 2008; Crowley
et al., 2009; Young et al., 2009). Because the nomenclature of
podosomes is usually restricted to monocytes, we call these
structures “podosome-like” in the REF52.2 fibroblast cell
line used in this study. In summary, we show that h3/acidic
CaP, ERK1/2, and PKC� translocate in PDBu-treated fibro-
blasts to the cell cortex and to podosome-like structures.

PDBu-mediated ERK1/2, but Not PKC�, Translocation
Requires h3/Acidic CaP in REF52.2 Fibroblasts
We next examined whether h3/acidic CaP, ERK1/2, and
PKC� cotranslocate to the membrane as a complex by stim-
ulating REF52.2 cells with 1 �M PDBu for 30 min. As a
control, parallel cells were treated with vehicle alone (0.01%
dimethyl sulfoxide [DMSO]). A fraction of h3/acidic CaP as
well as PKC� showed a filamentous staining pattern in
unstimulated cells with partial colocalization of the proteins
(Figure 4A, a–d). PDBu treatment induced a cotranslocation
of h3/acidic CaP and PKC� to the cell cortex and to podo-
some-like structures (Figure 4A, e–h, arrows). A similar
cotranslocation upon stimulation to the cell cortex and po-
dosome-like structures was observed for h3/acidic CaP and
ERK1/2 proteins (Figure 5A, e–h, arrows). Because the an-
tibodies used in immunofluorescence staining of h3/acidic
CaP and ERK1/2 were both raised in the rabbit, they were
directly labeled, resulting in lesser fluorescent intensity and

some increase in background; however, it can be seen that
fractions of both proteins show a filamentous staining pat-
tern in unstimulated cells (Figure 5A, a–d) and that stimu-
lation with PDBu induces a cotranslocation and colocaliza-
tion of ERK1/2 and h3/acidic CaP to the cell cortex and
podosome-like structures (Figure 5A, e–h, arrows).

To address the question of whether h3/acidic CaP is
necessary for PDBu-mediated PKC� or ERK1/2 transloca-
tion, we performed h3/acidic CaP knockdown experiments.
Seventy-two hours after transfection with siRNA-targeting
h3/acidic CaP or nontargeting siRNA as control, cells were
stimulated with 1 �M PDBu or with vehicle alone (0.01%
DMSO). Coimmunostaining for h3/acidic CaP and PKC�
shows that a knockdown of h3/acidic CaP has no influence
on PKC� translocation after PDBu treatment (Figure 4A,
m–p, arrows). In contrast, PDBu-mediated movement of
ERK1/2 to podosome-like structures and the cell cortex was
inhibited in cells lacking h3/acidic CaP protein expression
(Figure 5A, m–p). To further support these finding, we
performed a statistical analysis, counting at least 100 cells
per experiment and determined the percentage of cells
showing PKC� or ERK1/2 translocation to podosome-like
structures or the cell cortex after PDBu treatment. The re-

Figure 3. Translocation of h3/acidic CaP, ERK1/2, and PKC� to
podosome-like structures and the cortex in PDBu-treated rat fibro-
blast cells. REF52.2 fibroblasts were grown on glass coverslips and
then stimulated with 1 �M PDBu for 30 min. After fixation with
paraformaldehyde, cells were immunofluorescently labeled with
specific antibodies against aCaP (A, a), ERK1/2 (B, a), PKC� (C, a),
cortactin (D, a), and MMP-2 (E, a). Actin filaments were visualized
with Al568-labeled phalloidin (b). The yellowish signals in the
merged images (c) indicate colocalization. Bar, 10 �m.
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sults presented here are derived from three independent
experiments. As can be seen in Figure 5B, a knockdown of
h3/acidic CaP resulted in a highly statistically significant
decrease of PDBu-mediated ERK1/2 translocation to podo-
some-like structures and the cell cortex. In contrast, the
percentage of cells showing a PKC� translocation upon

PDBu treatment did not change after h3/acidic CaP knock-
down (Figure 4B). These data clearly demonstrate that h3/

Figure 4. Knockdown of h3/acidic CaP does not affect PKC�
targeting upon PDBu stimulation. (A) REF52.2 cells were trans-
fected with siRNA against aCaP siRNA (i–p) or nontargeting control
siRNA (a–h). Three days after transfection, cells were treated with
0.01% DMSO for control (a–d and i–l) or with 1 �M PDBu for 30 min
(e–f and m–p) before staining for aCaP (a, e, i, and m) and PKC� (b,
f, j, and n) with the rabbit polyclonal anti-h3/acidic CaP and the
mouse monoclonal anti-PKC� antibodies. Images were obtained
with deconvolution microscopy. The yellowish signal in the merged
images indicates colocalization (d, h, l, and p). Bar, 10 �m. (B)
REF52.2 cells transfected with siRNA against h3/acidic CaP or with
nontargeting control siRNA were treated with 1 �M PDBu for 30
min. After an immunofluorescence staining for h3/acidic CaP and
PKC�, cells showing a PKC� translocation to either the cell cortex or
podosome-like structures were counted. The graph represents three
independent experiments, where at least 100 cells were counted.

Figure 5. Knockdown of h3/acidic CaP inhibits PDBu-mediated
ERK1/2 targeting. (A) REF52.2 cells were transfected with siRNA
against aCaP siRNA (i–p) or nontargeting control siRNA (a–h).
Three days after transfection, cells were treated with DMSO for
control (a–d and i–l) or with 1 �M PDBu for 30 min (e–f and m–p)
before staining for aCaP (a, e, i, and m) and ERK1/2 (b, f, j, and n)
with the rabbit polyclonal anti-h3/acidic CaP-Al555 and anti-
ERK1/2-Alexa488 antibodies. Note that the background in images
a, d, e, h, i, l, m, and p derives from uncoupled Alexa555 dye, which
was resistant to extensive washing. Images were obtained with
deconvolution microscopy. The yellowish signal in the merged
images indicates colocalization (d, h, l, and p). Bar, 10 �m. (B)
REF52.2 cells transfected with siRNA against h3/acidic CaP or with
nontargeting control siRNA were treated with 1 �M PDBu for 30
min. After an immunofluorescence staining for h3/acidic CaP and
ERK1/2, cells showing an ERK1/2 translocation to either the cell
cortex or podosome-like structures were counted. The graph repre-
sents three independent experiments, where at least 100 cells were
counted. Note that the difference is highly statistically significant in
a two-tailed paired t test (p � 0.0001) marked by asterisks.
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acidic CaP is necessary for ERK1/2 translocation to podo-
some-like structures and/or the cell cortex upon PDBu
stimulation. Interestingly, the percentage of cells showing
ERK1/2 localization in the nucleus without a stimulus
(�90% of control cells vs. 87% of h3/acidic CaP knockdown
cells) or upon a stimulus (�96% of control cells vs. 97% of
h3/acidic CaP knockdown cells) is not affected by knock-
down of h3/acidic CaP.

h3/Acidic CaP Translocation Is Independent of
Phosphorylation at S175 and/or T184 but Can Be Blocked
by a PKC Inhibitor
Because the translocation of PKC�, ERK1/2 and h3/acidic
CaP to the cell cortex and podosome-like structures is in-
ducible by the PKC stimulating agent PDBu, we wanted to
know whether this process can be blocked by a PKC inhib-
itor. Calphostin is a cell-permeable reagent that specifically
binds to the regulatory domain of PKC, thereby blocking
diacylglycerol and phorbol ester binding and consequently
PKC activity (Kobayashi et al., 1989; Bruns et al., 1991). For
this experiment, REF52.2 cells growing on coverslips were
serum starved for 30 min, followed by treatment with 0.5 or
1 �M calphostin for 30 min. Cells were then stimulated with
1 �M PDBu for 30 min. We probed for PKC� and h3/acidic
CaP localization by immunofluorescence, and the percent-
age of cells showing a translocation of the two proteins to
the cortex or podosome-like structures was counted. A sig-
nificant inhibition of PDBu-mediated PKC�-h3/acidic CaP
movement by pre-treatment with calphostin was seen, that
was also dependent on the calphostin concentration (Figure
6A). Because it was previously shown that h1CaP binds to
the regulatory domain of PKC� (Leinweber et al., 2000), we
wanted to know whether calphostin is able to compete with
h3/acidic CaP binding to PKC�. For this purpose, REF52.2
cells were treated with 1 �M calphostin. Cell lysates where
then subjected to immunoprecipitation with the h3/acidic
CaP-antibody and copurified PKC� was detected (Figure 6B,
left). As shown in the graph (Figure 6B, right), there was
no statistical significant change in the relative copurified
PKC� protein amount with h3/acidic CaP when comparing
DMSO-treated versus calphostin-treated cells. Hence, cal-
phostin does not inhibit h3/acidic CaP association with
PKC�.

The basic isoform of CaP is a well known substrate for
PKC, phosphorylating CaP on either Ser175 or Thr184 (Na-
kamura et al., 1993; Jin et al., 2000). Because both PKC phos-
phorylation sites are conserved in all three CaP isoforms, we
speculate that PKC is also able to modify the h3/acidic
isoform of CaP and that it might have the same effect as for
h1CaP, namely weakening the binding affinity for actin
(Winder and Walsh, 1990c). It is not known how CaP can
leave the actin filaments to move to the cortex or podosome-
like structures upon stimulation, but the phosphorylation by
PKC might release CaP from the actin filaments, enabling
translocation of the PKC-ERK1/2-CaP complex. To test this
hypothesis, we generated a h3/acidic CaP-S175A/T184A
mutant in which the putative PKC phosphorylation sites
were mutated to alanine. REF52.2 cells were transfected with
FLAG-tagged fusion proteins of h3/acidic CaP, either
FLAG-aCaP-wt or FLAG-aCaP-S175A/T184A. Twenty-four
hours after transfection, cells were stimulated with PDBu
before immunostaining for the ectopically expressed FLAG-
proteins and actin. As shown in Figure 6C, FLAG-aCaP-wt
was mainly located at the actin filaments in unstimulated
cells (Figure 6C, a–c), but translocates upon PDBu-treatment
(Figure 6C, d–f, see arrows). The FLAG-aCaP-S175A/T184A
protein was also located at filamentous structures, but a

large amount was diffusely distributed in the cytoplasm in
nontreated cells (Figure 6D, a–c). This was surprising to us
because we predicted a stronger actin binding of this mutant
due to the lack of the PKC phosphorylation sites. More-
over, after PDBu stimulation, FLAG-aCaP-S175A/T184A
also moved to podosome-like structures (Figure 6D, d–f, see
arrow). Thus, either phosphorylation of h3/acidic CaP by PKC
is not necessary for PDBu-mediated translocation or PKC does
not use the h3/acidic calponin isoform as a substrate, even
though the consensus sites are highly conserved.

The Specific C-terminal Acidic Tail Is Not Involved in
PDBu-mediated h3/Acidic CaP Translocation
To further test the hypothesis that the affinity of h3/acidic
CaP to actin filaments plays a role in translocation of the
protein to the cortex and podosome-like structures, we gen-
erated a C-terminal deletion mutant of h3/acidic CaP, lack-
ing the specific highly acidic tail. Previous studies have
shown that the h3/acidic CaP’s acidic tail region is capable
of down-regulating actin association of CaP (Burgstaller et
al., 2002). Because the h3/acidic CaP protein is expected to
dissociate from actin filaments to translocate to podosomes
and the cell cortex, an h3/acidic CaP mutant binding stron-
ger to actin should display less translocation upon cell stim-
ulation. We therefore generated the GFP-aCaP-�Ct con-
struct which lacks aa 274–330 corresponding to its specific
acidic tail. REF52.2 cells were transfected with either GFP-
aCaP-wt or GFP-aCaP-�Ct and stimulated using PDBu. As
can be seen in Figure 6F, the GFP-aCaP-wt construct is
located mainly at the actin filaments as indicated by costain-
ing with phalloidin (Figure 6F, a–c). The GFP-aCaP-�Ct
fusion protein indeed seems to be attached more strongly to
actin filaments because it displayed less diffuse background
staining compared with GFP-aCaP-wt (Figure 6G, a–c). In-
terestingly, overexpression of GFP-aCaP-�Ct in REF52.2
cells seems to result in an increase in actin bundling as can
be seen in the phalloidin staining (Figure 6Gb). However,
the h3/acidic CaP wild type (aCaP-wt) and the h3/acidic
CaP C-terminal deletion construct (aCaP-�Ct) translocate to
about the same amount to podosome-like structures and the
cell cortex upon PDBu treatment (see Figure 6, F and G, d–f,
see arrows; and 6H). From these results we conclude that the
affinity of h3/acidic CaP to actin filaments does not play an
important role in h3/acidic CaP translocation.

Down-Regulation of h3/Acidic CaP Blocks ERK1/2
Activity in REF52.2 Cells and ERK2 Activity in NIH-3T3
Cells
To clarify the role of h3/acidic CaP in regulating ERK1/2
function, we knocked down endogenous h3/acidic CaP ex-
pression with siRNA in REF52.2 cells and assayed ERK1/2
activity by measuring ERK1/2 phosphorylation as well as
phosphorylation of l-CaD at an ERK1/2 phosphorylation
site (Figure 7). Cells were again treated with 1 �M PDBu for
30 min or 0.01% DMSO as vehicle control and whole cell
extracts were probed by Western blotting for the appropri-
ate proteins. Tubulin-� was used as a loading control (Figure
7C, bottom). Endogenous h3/acidic CaP expression was
knocked down in cells transfected with siRNA against h3/
acidic CaP (Figure 7C, top, lanes 3 and 4) to �85% compared
with cells transfected with nontargeting control siRNA (Fig-
ure 7C, top, lanes 1 and 2; and 7Dd), whereas h2CaP expres-
sion was not affected by siRNA against h3/acidic CaP (Fig-
ure 7C, middle). As shown in Figure 7B (lane 2), ERK1 as
well as ERK2 phosphorylation increases upon PDBu treat-
ment of cells transfected with nontargeting control siRNA.
Some basal ERK1 and ERK2 phosphorylation is also detect-
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Figure 6. The C-terminal tail of h3/acidic CaP or h3/acidic CaP phosphorylation at Ser175 and/or Thr184 is not necessary for PDBu-mediated
translocation, but can be blocked by a PKC inhibitor. (A) REF52.2 cells, grown on glass coverslips, were serum starved for 30 min, pretreated with
either 0.5 or 1 �M calphostin or DMSO as control for 30 min, and then stimulated with 1 �M PDBu for 30 min. Endogenous aCaP and PKC�
proteins were immunofluorescently labeled with the rabbit anti-h3/acidic CaP and the mouse anti-PKC� antibody. The percentage of cells showing
a translocation of h3/acidic CaP/PKC� to the cell membrane/podosome-like structures was determined and graphed. Results are from three
independent experiments. Note that the difference between DMSO pretreated control cells and both 0.5 �M calphostin (p � 0.0005) and 1 �M
calphostin (p � 0.0001) pretreated cells is highly statistically significant. (B) Right, REF52.2 cells were treated with either DMSO as control (lane 2)
or 1 �M calphostin (lane 3) for 30 min before preparing cell lysates. Lysates were incubated with the specific h3/acidic CaP antibody (lanes 2 and
3), and the immunocomplex was precipitated using protein G-coupled Dynabeads. Lysates incubated with the GFP-antibody served as negative
control (lane 1). Proteins were eluted from the beads and subsequently analyzed by Western blotting. Arrows indicate the positions of PKC� and
aCaP. A typical Western blot is shown here, and the experiment was repeated three times. Left, densitometry of all three Western blots showing
the amount of PKC� coprecipitated together with h3/acidic CaP in the presence of calphostin (gray column) or DMSO as control (white column).
The relative protein amount of PKC� was normalized to the relative amount of precipitated h3/acidic CaP. (C) REF52.2 cells were transfected with
pFLAG-aCaP-wt, grown for 24 h, and then treated with DMSO as control (a–c) or 1 �M PDBu (d–f) for 30 min. The ectopically expressed
FLAG-aCaP-wt protein was detected by immunofluorescence staining using the mouse monoclonal anti-FLAG antibody. Actin filaments were
visualized with Alexa568-labeled phalloidin. Bar, 20 �m. (D) REF52.2 cells were transfected with pFLAG-aCaP-S175A/T184A and treated as
described under A. Bar, 20 �m. (E) pFLAG-aCaP-wt or pFLAG-aCaP-S175A/T184A transfected cells, stimulated with 1 �M PDBu, were screened
for translocation of the ectopically expressed proteins to the cell cortex/podosome-like structures. The percentage of cells showing a translocation
is shown in the graph. The results are from three independent experiments, in each at least 100 cells were assessed. (F) REF52.2 cells were transfected
with pEGFP-aCaP-wt, grown for 24 h and then treated with DMSO as control (a–c) or 1 �M PDBu (d–f) for 30 min. Actin filaments were visualized
with Alexa568-labeled phalloidin. Bar, 20 �m. (G) REF52.2 cells were transfected with pEGFP-aCaP-�Ct and treated as described under F. Bar, 20
�m. (H) pEGFP-aCaP-wt– or pEGFP-aCaP-�Ct–transfected cells, stimulated with 1 �M PDBu, were screened for translocation of the ectopically
expressed proteins to the cell cortex/podosome-like structures. The percentage of cells showing a translocation is shown in the graph. The results
are from three independent experiments, in each at least 100 cells were assessed.
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able in unstimulated cells (lane 1), and a longer serum
starvation up to 24 h which resulted in cells displaying
phenotypic anomalies indicative of cellular stress related to
serum starvation, did not significantly reduce basal active
levels of ERK1/2. In cells where h3/acidic CaP levels were
knocked down due to transfection with siRNA against h3/
acidic CaP (lanes 3 and 4), basal ERK1/2 phosphorylation
was much lower (lane 3). After PDBu treatment, phospho-
ERK1/2 levels increase but to a lesser amount (lane 4) in
cells transfected with siRNA against h3/acidic CaP. Thus, it
seems that both residual effects of serum exposure and
PDBu represent stimuli that activate ERK1/2 and that both
pathways require h3/acidic CaP for activation.

To further corroborate the finding that h3/acidic CaP
knockdown inhibits ERK1/2 activation, we monitored phos-
phorylation of the ERK1/2 substrate l-CaD at Ser527. Basal
phospho-l-CaD levels were low in both cells transfected
with siRNA against h3/acidic CaP or nontargeting control
siRNA (Figure 7A, lanes 1 and 3); however, basal l-CaD
phosphorylation was lower in h3/acidic CaP knockdown
cells. On PDBu stimulation, there was an increase in l-CaD
phosphorylation in cells transfected with nontargeting con-

trol siRNA (Figure 7A, lane 3) that was inhibited in cells
transfected with siRNA against h3/acidic CaP (Figure 7A,
lane 4). Thus, h3/acidic CaP is necessary for ERK1/2 acti-
vation and ERK1/2-mediated l-CaD phosphorylation. We
also probed for an effect of h3/acidic CaP knockdown
on PKC� activation as monitored by autophosphorylation
upon PDBu treatment. To address this question, we stained
the same Western blot membrane with a rabbit polyclonal
anti-phospho-PKC PAN antibody (Cell Signaling Technol-
ogy) that recognizes the autophosphorylation site at Ser660.
However, there was no detectable difference in phospho-
PKC� levels by either h3/acidic CaP knockdown or PDBu
stimulation in this cell system (data not shown). To quantify
the data, we performed densitometric measurements of
Western blots derived from three independent experiments.
Total protein levels were normalized to tubulin. For ERK1/2
and l-CaD phosphorylation levels, we graphed the ratio of
phosphorylated to unphosphorylated proteins. Statistical
analysis clearly shows a significant decrease of both ERK1
(Figure 7Db) and ERK2 (Figure 7Da) as well as l-CaD (Figure
7Dc) phosphorylation in h3/acidic CaP-knockdown cells
upon stimulation.

Figure 7. h3/acidic CaP knockdown inhibits
ERK1/2 activation in REF52.2 cells. Seventy-
two hours after transfection with siRNA against
rat h3/acidic CaP (�, lanes 3 and 4) or with
nontargeting control-siRNA (�, lanes 1 and 2),
REF52.2 cells were treated with 1 �M PDBu for
30 min (�, lanes 2 and 4) or DMSO as solvent
control (�, lanes 1 and 3). Fifty micrograms of
whole cell extracts was analyzed by SDS-
PAGE and Western blotting with specific
antibodies. Arrows indicate the positions of
(A) l-caldesmon (CaD), phospho-l-caldesmon
(pCaD); (B) ERK1, phospho-ERK1 (pERK1),
ERK2, phospho-ERK2 (pERK2); and (C) h3/
acidic calponin (aCaP), neutral calponin (h2CaP)
and tubulin-�. (D) Densitometric measurement
of Western blots, derived from three indepen-
dent experiments, was performed and total pro-
tein levels were normalized to tubulin-�. For
phosphorylation levels of ERK1/2 and l-CaD,
the ratio of phosphorylated to unphosphory-
lated protein was calculated and graphed (a–c).
The decrease of phosphorylated ERK1 (b; p �
0.0195) and ERK2 (a; p � 0.0478) in h3/acidic
CaP knockdown cells stimulated with PDBu was
statistically significant, as was the difference of
l-CaD phosphorylation (c; p � 0.0012). For rela-
tive h3/acidic CaP levels, the amount of h3/
acidic CaP in nontargeting control-siRNA trans-
fected and DMSO treated cells was set as 1, and
relative h3/acidic CaP levels of the other three
samples was calculated (d).
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To corroborate our findings of h3/acidic CaP regulating
ERK 1/2 activity, we also assayed for ERK1/2, l-CaD, and
PKC� phosphorylation in the mouse fibroblast cell line NIH-
3T3 (Figure 8). Our results show that in NIH-3T3 cells, a
knockdown of endogenous h3/acidic CaP lowers basal
ERK2 activity significantly (Figure 8B, lane 2, and D). How-
ever, we saw no effects on phosphorylation of the ERK
substrate l-CaD (Figure 8A). Just like in REF52.2 cells, we
also saw no difference in phospho-PKC� levels in control
cells compared with cells transfected with siRNA against
h3/acidic CaP (data not shown). Apparently, even though
h3/acidic CaP regulates ERK2 activity in these cells, the
subsequent downstream signaling pathway differs.

In Vitro Wound Healing Is Inhibited in h3/Acidic CaP
Knockdown REF52.2 Cells
Because CaD phosphorylation has been shown to alter act-
in–myosin interactions (Chalovich et al., 1990), the influence
of h3/acidic CaP on l-CaD phosphorylation in REF52.2 cells
suggests an involvement of h3/acidic CaP in the regulation
of cell motility. To test this prediction, we measured the
effect of h3/acidic CaP knockdown in an in vitro wound
healing assay. For this purpose, REF52.2 fibroblasts were
either transfected with siRNA against h3/acidic CaP or with
nontargeting control siRNA. Seventy-two hours after trans-
fection, the cell layer was wounded by using a sterile pipette
tip, followed by recording of images of the wound healing
process at timed intervals on a microscope equipped for live
cell imaging for 20 h. After the wound healing assay, cells
were immunostained for endogenous h3/acidic CaP expres-
sion to evaluate knockdown efficiency (Figure 9B). Figure 9A
shows a representative photo series from three independent
experiments, demonstrating that cells transfected with
siRNA against h3/acidic CaP close the wound more slowly
compared to cells transfected with nontargeting control
siRNA (also see Supplemental Movies). To quantify the
wound healing procedure, the wound area was measured
and calculated as a percentage of the wound area at 0 h.
Measured data from three independent experiments are
plotted in Figure 9C, demonstrating that the h3/acidic CaP
knockdown cells (black columns) do migrate less into the
wound compared with control cells (gray columns). To ex-
amine directionality of single cells in each group, we traced
individual cells and plotted the migration tracks as a scatter
plot (Figure 9D). This analysis shows that h3/acidic CaP
knockdown cells (Figure 9D, right) move less directionally
compared with control cells (Figure 9D, left). We also as-

sessed the average speed of cells either transfected with
siRNA against h3/acidic CaP or nontargeting control
siRNA, revealing an average speed of �2.2 nm/s for the
h3/acidic CaP knockdown cells compared with �2.8 nm/s
for the control cells (Figure 9E). Hence, in summary, REF52.2
cells expressing lower levels of endogenous h3/acidic CaP,
move significantly slower and less directionally and there-
fore exert abnormalities in migration and in vitro wound
healing.

DISCUSSION

The serine/threonine-kinase ERK1/2 is implicated in many
cellular signaling pathways. One of the main findings of the
present study is that the widely expressed h3/acidic CaP
protein plays an important role in activation and PDBu-
mediated translocation of ERK1/2 in the REF52.2 fibroblast
cell line. h3/acidic CaP, ERK1/2, and PKC� colocalize and
coprecipitate, even in the absence of a stimulus. Moreover
h3/acidic CaP cotranslocates with both ERK1/2 and PKC�
to the cell cortex and podosome-like structures in PDBu-
stimulated REF52.2 cells. As for the podosome-like struc-
tures, we can only speculate about their role in the fibroblast
cell line. Due to the fact that endogenous MMP-2 is located
at these loci it is conceivable that they play a role in matrix
degradation, which in turn is an important step in cell
migration in a natural environment/tissue. Moreover, the
podosome-like structures seem to be involved in PKC sig-
naling pathways, because the kinase translocates to these
loci after a stimulus.

A cause-and-effect relationship between h3/acidic CaP
and ERK signaling is shown by the fact that down-regula-
tion of h3/acidic CaP prevents both basal and PDBu-medi-
ated ERK1/2 activation. These results indicate an important
role for h3/acidic CaP in ERK1/2 signaling in REF52.2 fi-
broblasts. However, we cannot conclude from our data
whether h3/acidic CaP affects ERK1/2 activity in general or
regulates only specific subfractions of ERK1/2. Interestingly,
we saw no difference in nuclear localization of ERK1/2
when comparing control cells to h3/acidic CaP knockdown
cells. These results point to an apparent effect of h3/acidic
CaP to regulate only the activity of cytosolic ERK1/2 and not
nuclear ERK1/2 in REF52.2 cells; however, further experi-
ments are necessary to investigate this hypothesis. In con-
trast to REF52.2 cells, NIH-3T3 fibroblasts display only a
decrease in ERK2 activity upon h3/acidic CaP knockdown,
whereas the ERK1 activity is unaffected.

Figure 8. Knockdown of h3/acidic CaP de-
creases phospho-ERK2 levels in NIH-3T3 cells.
NIH-3T3 cells were either transfected with non-
targeting siRNA-control (lane 1) or siRNA against
h3/acidic CaP (siRNA-aCaP; lane 2). Seventy-two
hours after transfection, whole cell extracts were
generated and examined by Western blotting. The
membrane was stained with specific antibodies
against (A) phospho-l-caldesmon (pCaD); (B) ERK1,
phospho-ERK1 (pERK1), ERK2, phospho-ERK2
(pERK2); and (C) h3/acidic calponin (aCaP), neu-
tral calponin (h2CaP) and tubulin-� as indicated.
(D) Densitometric measurement of Western blots,
derived from three independent experiments, was
performed. Total protein levels were normalized
to tubulin-� and the ratio of phosphorylated to
unphosphorylated ERK2 protein was calculated

and graphed. Note that the decrease of phosphorylated ERK2 (p � 0.00002) in h3/acidic CaP knockdown cells is highly statistically
significant.
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Our data also demonstrate that h3/acidic CaP controls
phosphorylation of l-CaD in REF52.2 cells, a substrate of
ERK1/2. CaD is an actin-binding protein and has been
shown capable of regulating actomyosin interactions and
hence contractile events in muscle and nonmuscle cells
(Matsumura and Yamashiro, 1993). Nonsmooth muscle cells
express l-CaD, which lacks a spacer region but shares all
other functional domains with the high-molecular-weight
CaD isoform expressed in smooth muscle cells (Humphrey
et al., 1992). Interaction of l-CaD with actin is controlled by a
phosphorylation at Ser497 and 527, which leads to a confor-
mational change that increases the access of myosin to actin
(Kordowska et al., 2006). Although cdc2 seems to be respon-
sible for l-CaD phosphorylation in dividing cells, phosphor-

ylation by ERK1/2 is known to be important for actin re-
modeling processes in migrating cells (Yamboliev and
Gerthoffer, 2001; Goncharova et al., 2002).

Previous studies have shown that h1CaP can support
PKC� autophosphorylation in vitro (Leinweber et al., 2000);
thus, we thought an influence of h3/acidic CaP on PKC�
activation might be possible in vivo. The failure to detect any
effect of h3/acidic CaP on PKC� targeting may result from
the fact that PKC� is constitutively autophosphorylated in
REF52.2 fibroblasts and no increase occurs on addition of
PDBu. Moreover, previous findings demonstrated that the
direct interaction between the basic isoform of CaP and
PKC� takes place at the regulatory domain of the kinase
(Leinweber et al., 2000). Hence, it was tempting to speculate

Figure 9. h3/acidic CaP enhances wound
healing in REF52.2 cells in an in vitro assay. (A)
REF52.2 cells were seeded on glass-bottomed
culture plates and either transfected with
siRNA against rat h3/acidic CaP (siRNA-
aCaP) or with nontargeting control-siRNA the
next day. Seventy-two hours after transfection,
the cell layer was wounded with a sterile pi-
pette tip, and the healing procedure was ob-
served for 20 h. Bar, 20 �m. (B) To verify
h3/acidic CaP knockdown, cells were immu-
nostained after the in vitro wound healing as-
say for endogenous aCaP expression by using
the rabbit polyclonal anti-h3/acidic CaP anti-
body. Bar, 20 �m. (C) To quantify in vitro
wound healing, the wound area was measured
using ImageJ software and calculated as a per-
centage of the wound area at 0 h. Data repre-
sent three independent experiments. (D) Ten
single cells of each group (left, control cells;
right, h3/acidic CaP knockdown cells) were
manually traced using ImageJ software and
migration tracks are shown as scatter plots. (E)
The average speed of 30 individual cells in
total, coming from three independent experi-
ments, for either h3/acidic CaP knockdown or
control cell groups was calculated and plotted
in a graph bar. Note that the difference is sta-
tistically significant (p � 0.017).

h3/Acidic CaP, ERK1/2, Migration

Vol. 21, April 15, 2010 1419



that calphostin might not only inhibit the kinase activity but
also competes away CaP binding. However, our knockdown
data clearly show that h3/acidic CaP is not necessary for
phorbol ester-stimulated PKC� translocation. Moreover, a
coimmunoprecipitation of h3/acidic CaP and PKC� in cal-
phostin-treated cells demonstrated that there is no difference
in interaction of the two proteins. Therefore, blocking of

PDBu binding rather than blocking of h3/acidic CaP bind-
ing to the regulatory domain of PKC� seems to be the reason
for calphostin-inhibited PKC� movement following stimu-
lation.

To clarify the mechanism as to how h3/acidic CaP trans-
locates to the cell cortex in stimulated cells, we tested the
hypothesis that phosphorylation by PKC affects h3/acidic

Figure 10. Model of h3/acidic CaP function in the regulation of REF52.2 cell motility. (A) REF52.2 cells, cultured on glass coverslips, were
fixed with paraformaldehyde and stained for CaD with the mouse monoclonal anti-caldesmon antibody and for actin with Alexa568-labeled
phalloidin. Images were obtained with deconvolution microscopy. The yellowish color in c indicates colocalization. The arrow points out an
example of colocalization. Bar, 20 �m. (B) REF52.2 cells, either transfected with nontargeting control-siRNA (top) or siRNA against h3/acidic
CaP (siRNA-aCaP; bottom), were fixed 72 h after transfection and labeled for phospho-ERK1/2 (pERK1/2) using the mouse monoclonal
phospho-ERK1/2–specific antibody (a) and for aCaP (b). Images were obtained with deconvolution microscopy and colocalization of
phospho-ERK1/2 and h3/acidic CaP on filaments is indicated by the arrow in the merged image in c. Bar, 20 �m. (C) Model: PKC�, h3/acidic
CaP (aCaP) and ERK1/2 are located in a complex at the actin filaments in untreated cells. 1. A stimulus such as PDBu leads to translocation
of the PKC�–h3/acidic CaP–ERK1/2 complex to the cell cortex. Due to full activation of PKC� at the cell membrane, the kinase is now able
to activate Raf, which in turn activates MEK, and MEK activates ERK1/2. 2. Activated ERK1/2 moves back to actin filaments where it binds
and phosphorylates its substrate, CaD. 3. This leads to a conformational change in CaD, allowing interaction between actin and myosin
filaments and thereby 4. Increasing contraction coupled to cell motility. From our experiments we can, however, not rule out the possibility
that activated ERK1/2 phosphorylates other substrates such as MLCK (as indicated in the model with a question mark), which are also
involved in regulating cell motility/contractility.
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CaP’s actin binding affinity, as was shown previously for
h1CaP (Winder and Walsh, 1990c). However, by using an
h3/acidic CaP construct that harbors inactive putative PKC
phosphorylation sites (“aCaP-S175A/T184A”), we demon-
strated that PKC phosphorylation of h3/acidic CaP at nei-
ther Ser175 nor Thr184 is necessary for the translocation of
h3/acidic CaP to the membrane upon phorbol ester stimu-
lation in REF52.2 cells. We also ruled out the possibility that
the specific acidic tail of h3/acidic CaP is involved in the
translocation process because a deletion mutant (“aCaP-
�Ct”) displays no differences in intracellular localization in
stimulated cells compared with the h3/acidic CaP wild-type
protein. However, we noticed that overexpression of the
h3/acidic CaP C-terminal deletion mutant induces strong
actin bundling in transfected REF52.2 cells that is not seen
with the h3/acidic CaP wild-type protein. From previous
studies it is known that deletion of the C-terminal tail of
either h2CaP or h3/acidic CaP results in stronger F-actin
binding (Burgstaller et al., 2002). In this context, it is inter-
esting that overexpressed h1CaP is capable of stabilizing
actin filaments in cultured cells (Danninger and Gimona,
2000) and that it is known to enhance the bundling of actin
filaments in vitro (Tang et al., 1997), whereas the h2CaP
isoform whose specific C terminus impairs its affinity to
actin is not able to stabilize actin filaments (Danninger and
Gimona, 2000). Hence, the observed thicker actin filaments
in transfected REF52.2 cells might result from h3/acidic
CaP’s F-actin binding/stabilizing ability which is increased
when its acidic C terminus is deleted.

The effect of h3/acidic CaP to promote REF52.2 fibroblast
motility is partially in contrast to previous findings for the
other CaP isoforms. Danninger and Gimona (2000) showed
a reduced cell motility of h1CaP-GFP overexpressing NIH-
3T3 mouse fibroblasts. h2CaP also seems to slow down cell
migration, because macrophages derived from h2CaP
knockout mice displayed a faster migration rate in an in
vitro wound healing assay (Huang et al., 2008). In contrast, it
was shown that a knockdown of h2CaP in endothelial cells
slowed down cell motility in an in vitro wound healing
assay (Tang et al., 2006). It is known that h3/acidic CaP has
minimal effect on actomyosin ATPase activity compared
with h1CaP and h2CaP, so it is likely that the inhibition of
motility seen with the basic and possibly also the neutral
isoforms is due to greater inhibition of actomyosin ATPase
activity (Fujii et al., 2002). The differences in the manner in
which the h3/acidic isoform of CaP controls cell motility
compared with the neutral and the basic isoforms, is also
likely to be related to sequence diversity. The difference
between the isoforms is mainly located in the C terminus,
which varies in length and pI and apparently contributes to
the actin binding capacity. It has been shown that h3/acidic
CaP and h2CaP have a less tight association with actin
compared with h1CaP due to differences in their C-terminal
tails (Burgstaller et al., 2002). Furthermore, it has been shown
that h3/acidic CaP is involved in dendritic spine morphol-
ogy, probably via regulation of actin cytoskeleton reorgani-
zation and dynamics (Rami et al., 2006). These differences in
the actions of h3/acidic CaP on the cytoskeleton are thus
likely to lead to specific novel functions in the cell types
where it is expressed.

Together, our findings on h3/acidic CaP’s regulation of
ERK1/2 signaling and targeting have functional relevance
for REF52.2 fibroblast motility and are consistent with the
model illustrated in Figure 10C. As shown in this model,
h3/acidic CaP, ERK1/2 and PKC� form a complex at actin
filaments in unstimulated REF52.2 cells. On stimulation, 1)
PKC� becomes activated and moves together with h3/acidic

CaP and ERK1/2 to the cell cortex. At the cell cortex,
ERK1/2 becomes phosphorylated in a signaling complex
including Raf and MEK (Cacace et al., 1996; Cai et al., 1997;
Gangopadhyay et al., 2009). The subfraction of ERK1/2 that
is activated at the cortex (2) moves back to the actin fila-
ments (see Figure 10B, a–d, arrow) where it comes in contact
with its substrate CaD (CaD is located at actin filaments in
this cell line; Figure 10A). 3) Phosphorylation of CaD results
in increased actin-myosin interactions and hence 4) in-
creased contractility, facilitating cell motility. siRNA-medi-
ated knockdown of h3/acidic CaP results in the loss of the
connection between PKC� and ERK1/2. Therefore, the
PKC� molecule translocates without ERK1/2 to the cell
cortex, and the cytosolic/actin bound fraction of ERK1/2 is
not activated (Figure 10B, e–h). This leads to a reduced CaD
phosphorylation and therefore to a reduced cell motility. A
specific and selective downstream role of CaD is, however,
speculative at this time because we did not monitor for
changes in phosphorylation of other possible ERK1/2 sub-
strates such as myosin light chain kinase (MLCK), which are
also known to affect cell contractility and motility (Huang et
al., 2004).

Thus, in summary, the h3/acidic isoform of CaP, in a
cause-and-effect manner, facilitates ERK1/2 activation and
enhances cell motility in nonmuscle cells, resulting in in-
creased in vitro wound healing activity in REF52.2 fibro-
blasts.
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