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The multifunctional cytokine p43 acts on endothelial
and immune cells to control angiogenesis and inflam-
mation. In this report, we describe an additional ac-
tivity of p43 that specifically promotes fibroblast pro-
liferation and wound repair. In skin wound regions
from mice, tumor necrosis factor-� induced p43 ex-
pression and secretion from macrophages recruited
to the site. p43 also promoted fibroblast proliferation
through its 146-amino acid N-terminal domain as re-
vealed by deletion mapping. This p43-induced fibro-
blast proliferation was mediated by extracellular sig-
nal-regulated kinase (Erk). Depletion of endogenous
p43 in mice by gene disruption retarded wound re-
pair, whereas exogenous supplementation of recom-
binant human p43 to the wound area stimulated dermal
fibroblast proliferation, collagen production, and
wound closure. Thus, we have identified a novel p43
activity involving the stimulation of fibroblast prolifer-
ation, which could be applied therapeutically to aid
wound repair. (Am J Pathol 2005, 166:387–398)

Because skin is the first defensive system, efficient heal-
ing of cutaneous injuries is important to prevent infection
by foreign pathogens.1 Skin injuries recover through a
multistage process including coagulation, inflammation,
proliferation, and tissue remodeling, each of which is
achieved via the complex interplay of diverse growth
factors, cytokines, and cell cycle regulators.2 Here we
report that p43 can promote the skin repair process by
boosting the proliferation of dermal fibroblasts.

Although p43 was first identified as a factor associated
with a macromolecular protein complex consisting of sev-
eral different aminoacyl-tRNA synthetases,3,4 it is also

secreted from different types of cells, including prostate
cancer,5 immune, and transfected cells.6 The secreted
p43 activates monocytes/macrophages to induce various
proinflammatory cytokines, such as tumor necrosis factor
(TNF)-� and interleukin-8,6–8 and also controls angiogen-
esis by a dual mechanism involving the migration and
death of endothelial cells.9 Because inflammation and
angiogenesis constitute important parts of the wound-
healing process,1,10 we expected that p43 may play a
role in the wound repair process. To evaluate the signif-
icance of p43 in this process, we set up a cutaneous
wound model in mice, and examined the behavior and
activity of p43 in the wound region. From various analy-
ses using cell and animal models, we found a new activity
of p43 in the proliferation of fibroblasts and wound repair.
This activity was specific to fibroblasts, and distinct from
its effects on monocytes/macrophages and endothelial
cells that we previously reported. The exogenous supple-
mentation of p43 promoted the wound-healing process
through the enhanced proliferation of fibroblasts and the
deposition of collagen, and conversely, the targeted dis-
ruption of the p43 gene in mice retarded the wound
closure, proving its functional significance in dermal fi-
broblast proliferation and wound repair. The results ob-
tained in this work led us to propose that p43 is a novel
signaling factor involved in the dermal fibroblast prolifer-
ation required for wound repair.

Materials and Methods

Skin Wound Generation and Histological
Analyses

For the in vivo wound experiments, we used 8-week-old
male C57BL/6 mice (p43�/� and p43�/�). We anesthe-
tized the mice with an intraperitoneal injection of 2.5%
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avertin (100 �l/10 g), shaved the dorsum, and disinfected
the skin with 70% alcohol. A 0.5-cm-diameter circle was
marked on the skin of the mid-dorsal region, and full-
thickness excisional wounds, including the skin and pan-
niculus carnosus muscle, were created using scissors.11

The wounds were left uncovered without a dressing. One
wound was generated per mouse. After wounding, we
sacrificed the mice at various time intervals for histolog-
ical analyses. We also treated the wounds with different
forms of p43, at the indicated concentrations in phos-
phate-buffered saline (PBS) with 20% glycerol, twice a
day at 12-hour intervals until day 3 after wounding. The
wound closure was monitored daily, using the Image-pro
Plus software, and was calculated as the percentage of
the initial wound area. We isolated the wounds from the
mice, and immediately fixed the tissue overnight in 10%
formaldehyde. The fixed tissue was dehydrated and em-
bedded in paraffin. We then sliced the embedded tissues
with a microtome (Leica), and mounted them on silane-
coated slides. The mounted tissues were dewaxed, re-
hydrated, stained with hematoxylin and eosin, and ob-
served by microscopy (Nikon TE300). Separate sections
were also stained with Masson’s trichrome to evaluate the
extent of collagen bundle formation in each wound.

Immunofluorescence Staining

We fixed the isolated wounds with 4% paraformaldehyde
at 4°C overnight. The tissues were washed with PBS,
incubated in 30% sucrose for 4 hours, and finally frozen
at �70°C in optimal cutting temperature (OCT) com-
pound. The frozen sections (6 �m) were attached to
silane-coated slides, treated with PBS, blocked with PBS
containing 0.1% Tween 20 and 1% skim milk, and re-
acted with antibodies specific to p43, MOMA-2 (Serotec),
and Ki67 (Santa Cruz Biotechnology) at 37°C for 2 hours.
We washed the slides with PBS containing 0.1% Tween
20 and incubated them at 37°C for 1 hour with the fluo-
rescein isothiocyanate (FITC)-conjugated secondary an-
tibody. The nuclei were counterstained with propidium
iodide (10 �g/ml) for 10 minutes, and the sections were
examined under the confocal immunofluorescence mi-
croscope (�-Radiance; BioRad).

p43 Secretion Test

We cultivated RAW264.7 and HaCAT cells (5 � 104 cells
per 60-mm dish) for 16 hours and serum-starved them for
2 hours. TNF-� or interferon-� was added at 10 ng/ml,
and cultured for 20 hours. We then harvested the culture
media, which were clarified by centrifugation at 4000 � g
for 15 minutes and concentrated by Viva spin ultrafiltra-
tion devices (molecular cutoff 10 kd; Vivascience). The
proteins were separated by 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) and
the p43 in the media was detected by Western blotting
with its specific antibody. Tubulin was used to monitor the
cell lysis during the procedure. We also obtained the
exudate from the wound area at various time intervals,
and the presence of p43 was tested by Western blotting.

Preparation of p43

We purified the His-tagged, 312-amino acid full-length
p43 protein and the 146-amino acid N-terminal and 166-
amino acid C-terminal domains of p43 as previously de-
scribed, with a slight modification.12 These proteins were
expressed in Escherichia coli BL21 (DE3) by isopropyy-
thio-�-D-galactoside induction, and the cells were lysed
by ultrasonication. After removing the cell debris by cen-
trifugation at 25,000 � g, the supernatants were sub-
jected to nickel affinity chromatography, and the proteins
were purified following the protocol provided by the man-
ufacturer (Invitrogen). Recombinant human platelet-de-
rived growth factor (PDGF) was purchased from Sigma.

Cell Proliferation and Migration Assay

We monitored the p43-dependent cell proliferation by
measuring the incorporation of [3H] thymidine or BrdU to
the replicating DNA as well as by directly counting cell
numbers. We plated the indicated cells (5 � 103 cells) on
24-well dish, cultivated them for 12 hours, and serum-
starved them for 3 hours. We then added the indicated
amount of p43 to each well, and cultivated for 12 hours.
After 4 hours of incubation with tritium-labeled thymidine
(1�Ci/well), the cultured cells were washed with PBS
three times, fixed with 5% TCA for 10 minutes, and
washed again with PBS three times. We lysed the cells
with 0.5 N NaOH and quantified the incorporated thymi-
dine with a liquid scintillation counter (LKB). To measure
the in vivo effect of p43 on the proliferation of dermal
fibroblasts, we counted the total cells in the wounds per
�60 area by the PI signals and the proliferative cells by
the Ki67-positive green cells. For the mean value, the
Ki67-positive cells in at least four different areas were
counted. We also determined the cell proliferation by
measuring the BrdU incorporation. The same number of
Detroit 551 cells was cultivated in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum overnight,
serum-starved for 24 hours, and treated with the indi-
cated concentrations of p43 for 48 hours. BrdU (10
�mol/L) was incubated with the cells for 5 hours, and the
cell proliferation was determined by the absorbance at
450 nm, using a Microplate reader (Bio-Rad model 550).
The effect of p43 on cell proliferation was also deter-
mined by direct cell counting. Foreskin fibroblast cells
(4 � 104) were cultured on a six-well dish for 12 hours
and serum-starved for 24 hours. The cells were cultured
in media containing 0.5% fetal bovine serum with vehicle
or 100 nmol/L of p43 for the indicated times, trypsinized,
and stained with trypan blue. We counted the cell num-
bers with a hemocytometer.

Binding of Biotin-Labeled p43 to Foreskin
Fibroblasts

Recombinant p43 (1.4 mg) was biotinylated with sulfo-
NHS-biotin (Pierce), and was incubated on ice for 2 hours
with 0.1 mg/ml of sulfo-NHS-SS-biotin (Pierce) in PBS.
The remaining biotin was quenched with 100 mmol/L Tris
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buffer (pH 7.5) and then the reaction solution was dia-
lyzed in PBS. Foreskin fibroblasts (5 � 103 cells) were
seeded onto a 12-well dish containing 9 � 9-mm cover-
slips, and cultured for 12 hours in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum and 1%
streptomycin-penicillin. The medium was changed to se-
rum-free medium containing 1% streptomycin-penicillin
and 2% bovine serum albumin, and then the cultures
were further incubated for 3 hours. The culture plates
were incubated for 30 minutes at room temperature, and
50 nmol/L of biotin-labeled p43 (with 100 �g/ml of anti-p43
polyclonal antibody or 1 �mol/L native p43) was added to
the culture medium and incubated for 20 minutes. The
coverslips were washed three times with PBS to remove the
unbound biotin-p43, and were blocked with 1% skim milk in
PBS for 1 hour. The membrane bound biotin-p43 was cap-
tured with FITC-streptavidin, and the nuclei were stained
with propidium iodide (500 ng/ml) for 1 hour at room tem-
perature. The coverslips were washed three times with PBS
and mounted with Gel/Mount (Biomeda). The Biotinylated
p43 bound to the foreskin fibroblasts was photographed
(�60) under confocal microscopy.

Determination of Erk and JNK Activation

Foreskin fibroblasts (6 � 105 cells) were plated in
100-mm dishes, cultivated for 12 hours, and serum-
starved for 5 hours. Then, we added 100 nmol/L of p43,
harvested the cells at the indicated times, lysed the cells
in lysis buffer (50 mmol/L HEPES, pH 7.5, 150 mmol/L
NaCl, 10% glycerol, 5 mmol/L EGTA, 1 mmol/L sodium
orthovanadate, 10 mmol/L NaF, 12 mmol/L �-glycero-
phosphate, 1 mmol/L dithiothreitol, 1 mmol/L phenylm-
ethyl sulfonyl fluoride, 5 �g/ml aprotinin, and 1% Nonidet
P-40), and centrifuged the lysates for 15 minutes at
26,000 � g. We separated the proteins in the cell lysates
(20 �g) by 10% SDS-PAGE and performed immunoblot-
ting with phospho-Erk and -JNK-specific antibodies. The
fibroblasts (6 � 105 cells) were plated in 100-mm dishes,
cultivated for 12 hours, serum-starved for 3 hours, and
treated with 30 �mol/L of U0126, 10 �mol/L of PP2, 10
�mol/L of SB202190, and 10 �mol/L of LY294002 for 2
hours. Afterward, p43 was added to a 100 nmol/L con-
centration, and the cultures were further incubated for 30
minutes. We then measured the phosphorylation of Erk
by immunoblotting with an anti-phospho-Erk antibody.

Determination of Collagen Production

Foreskin fibroblast cells (5 � 104 cells) were plated in a
six-well dish, cultured for 12 hours, and serum-starved for
3 hours. We then added the indicated concentrations of
p43 for 6 hours [reverse transcriptase-polymerase chain
reaction (RT-PCR)] and 12 hours (Western blotting). We
harvested the cells, lysed them with lysis buffer (50
mmol/L HEPES, pH 7.5, 150 mmol/L NaCl, 10% glycerol,
5 mmol/L EGTA, 1 mmol/L sodium orthovanadate, 10
mmol/L NaF, 12 mmol/L �-glycerophosphate, 1 mmol/L
dithiothreitol, 1 mmol/L phenylmethyl sulfonyl fluoride, 5
�g/ml aprotinin, and 1% Nonidet P-40), and centrifuged

the lysates for 15 minutes at 26,000 � g. We separated
the cell lysates (30 �g) by 8% SDS-PAGE and performed
immunoblotting with anti-collagen I and anti-tubulin anti-
bodies. For RT-PCR of the collagen type I transcript, we
isolated total RNA with TRIzol (Invitrogen) and performed
RT-PCR using the specific primers.

Determination of TNF-� and p43 in Wound
Exudates

We introduced excisional wounds in the dorsal skin (di-
ameter, 1 cm) of the p43�/� and p43�/� mice (n � 2) as
above, and immediately washed with PBS to remove the
cell debris. We harvested the wound exudates by wash-
ing the wound areas with PBS at the indicated times, and
centrifuging the solutions at 4000 � g for 15 minutes. We
precipitated the wound exudates with 10% TCA, fraction-
ated the proteins by 15% SDS-PAGE, and performed
Western blotting with anti-TNF-� and anti-p43 antibodies.

Results

Enrichment of p43 at Wound Site

To address the biological function of p43 during wound
healing, we excised the full-thickness dorsal skin of mice
and monitored whether the p43 level changed at the
wound site. The level of p43 rapidly increased on wound-
ing and reached a peak on day 3 (Figure 1A). The accu-
mulation of p43 in the wound area was also confirmed by
Western blotting of the wound fluid (Figure 1B). To iden-
tify the source of the p43, we compared the localization of
p43 with those of the macrophages and endothelial cells
recruited to the granulation tissue. This examination, re-
vealed that p43 was co-localized with the MOMA2-posi-
tive cells13 that are known to be macrophages (Figure
1C), but not with the endothelial cells (Supplementary
Figure 1 at http://ajp.amjpathol.org). To determine whether
the recruited macrophages are responsible for the secre-
tion of p43, we checked the secretion of p43 from macro-
phages in response to TNF-�, which is elevated on wound-
ing.14,15 TNF-� enhanced the secretion of p43 from
macrophage RAW264.7 cells, but the secretion of p43 was
not observed from the untreated or interferon-�-treated
RAW264.7 cells or from HaCAT keratinocytes (Figure 1D).
We then monitored the time course of the TNF-induced
secretion of p43 in RAW264.7 cells, and also checked
whether the expression of p43 is induced by TNF-�. The
secreted p43 was observed in media from 2 hours after
the TNF-� treatment, and accumulated in a time-depen-
dent manner (Figure 1E, top), whereas the intracellular
level of p43 hardly changed (Figure 1E, bottom). To see
whether the expression of p43 is induced by TNF-�, we
measured the amount of the p43 transcript by RT-PCR.
The transcript level was increased after the p43 treatment
up to 8 hours and then decreased (Figure 1F). Thus, the
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induction of p43 appears to be necessary to compensate
for the loss of intracellular p43 because of its secretion.

Stimulation of Fibroblast Proliferation by p43

To understand the function of p43, we checked the effect
of p43 on the proliferation of various cell types that would
be present in the wound area. p43 increased the prolif-
eration of foreskin fibroblasts in a dose-dependent man-
ner (Figure 2A), whereas it suppressed bovine aorta en-
dothelial cell proliferation (Figure 2B), as we previously
reported.9 Interestingly, the proliferative activity was lo-
calized to the 146-amino acid N-terminal region of p43
(Figure 2A), whereas both of the N- and C-terminal do-
mains showed the suppressive activity on the endothelial
cell proliferation (Figure 2B). However, p43 did not have
any effect on the proliferation of human keratinocytes,
HaCAT (Figure 2C), osteoblasts, U2OS (Figure 2D), and
different immune cells (Supplementary Figure 2 at http://
ajp.amjpathol.org), indicating that the proliferative activity
of p43 is specific to fibroblasts. To determine the appar-
ent ED50 of p43 in cell proliferation, we treated Detroit 551
cells with different concentrations of p43, and generated
a dose-response curve. The proliferative activity of p43
increased in a dose-dependent manner and showed the
peak activity at 200 nmol/L (Figure 2E). Based on this
graph, the apparent ED50 appears to be �85 nmol/L. We
then compared the proliferative activity of p43 with the
known growth factor, PDGF. p43 showed a dose-depen-
dent increase in its proliferative activity, whereas PDGF
demonstrated the peak activity at the 1 nmol/L concen-
tration (Figure 2F). A similar result was also obtained
when the cell proliferation was monitored by cell division
(Figure 2G). We then determined whether p43 induces
the migration of fibroblasts using a Trans-well chamber.
Although the cell migration was enhanced by PDGF, p43
did not increase fibroblast migration (Figure 2H). To-
gether, these results demonstrate that p43 specifically
stimulates the proliferation of dermal fibroblasts, but does
not appear to trigger the migration of these cells.

Erk Mediates p43-Dependent Proliferation of
Fibroblasts

We then checked the binding of p43 on foreskin fibro-
blasts. The binding of biotin-labeled p43 was observed
by immunofluorescence staining with FITC-conjugated
secondary antibody (Figure 3Aa). The cell binding of p43
was blocked by a titration with an anti-p43 antibody or
unlabeled p43 (Figure 3A, b and c), and the FITC-conju-

gated secondary antibody alone did not show cell bind-
ing (Figure 3Ad), indicating that the fluorescent signal is
because of the specific cell binding of p43. We also
determined the time course of p43 binding to foreskin
fibroblasts. The exogenously added p43 bound to the

Figure 2. p43 promotes fibroblast proliferation and collagen production. The
effect of the 312-amino acid full-length (F), and 146-amino acid N-terminal
domain and 166-amino acid C-terminal domain of p43 on the proliferation of
foreskin fibroblasts (A, FF), bovine aorta endothelial cells (B, bovine aorta
endothelial cells), keratinocytes (C, HaCAT), and osteoblasts (D, U2OS). The
proliferation was monitored by the incorporation of [3H] thymidine into
the cells, and the proliferation of the untreated cells was taken as 100%. The
values stand for the average of three independent experiments. E: The
fibroblast Detroit 551 cells were treated with the indicated concentrations of
p43 (twofold increases from 25 nmol/L) to obtain the dose-response curve.
The cell proliferation was determined by measuring the incorporated BrdU at
450 nm, as described in the Materials and Methods. The experiments were
repeated three times. F: Foreskin fibroblasts were treated with the indicated
concentrations of PDGF and p43. The cell proliferation was monitored by
thymidine incorporation (n � 3). G: The effects of PDGF and p43 on the cell
proliferation of foreskin fibroblasts were also monitored by counting the cell
numbers after treatments with different concentrations of these factors (n �
3). H: The PDGF and p43 activities on the migration of foreskin fibroblasts
were determined using a Trans-well chamber (8 �m, Costar) coated with
type I collagen as described in the Materials and Methods. The migrated cells
were visualized by staining with hematoxylin and were counted in high-
power fields (�20). The experiments were repeated three times.

Figure 1. Secretion of p43 from macrophages at the wound site. A: A 0.5 cm diameter, full-thickness portion of the dorsal skin was removed, and cross sections
of the wound area were stained with H&E at the indicated times after wounding. The boxed regions were stained with anti-p43 antibody (green) and propidium
iodide (red), and were observed by immunofluorescence microscopy. B: The accumulation of p43 in wound fluid was detected by Western blotting with an
anti-p43 antibody. We obtained the wound fluids by washing the skin wound regions with PBS at the indicated times, precipitating the proteins with 10% TCA,
and separating them by SDS-PAGE for Western blotting. C: The isolated granulation regions were reacted with anti-p43 and anti-MOMA2 antibodies13 at the
indicated times after wounding to visualize p43 and macrophages, respectively. The p43 and macrophages were then stained with FITC- and TRITC-conjugated
secondary antibodies, respectively. D: The macrophages (RAW264.7) and keratinocytes (HaCAT) were cultivated and treated with 10 ng/ml of TNF-� or
interferon-�, and the expression and secretion of p43 were determined by Western blotting of the whole cell lysates (WCL) and culture media, respectively. E:
Time course of the TNF-dependent secretion (top) and the intracellular level (bottom) of p43 in RAW264.7 cells. The secretion of p43 into the culture medium
was monitored as above. A trace amount of tubulin was present in medium because of cell lysis during the experiment. F: The time-dependent induction of p43
was determined by RT-PCR of the p43 transcript after the TNF-� treatment. Scale bars: 250 �m (A); 25 �m (boxed regions in A, C).
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cells within 2 hours, and its level was decreased after 6
hours, whereas the level of endogenous p43 remained
unchanged (Figure 3B).

In our previous work, we found that p43 activates Jun
N-terminal kinase (JNK) and extracellular signal-regu-
lated kinase (Erk) in immune and endothelial cells.9,16

Here, we checked whether p43 also activates these ki-
nases in foreskin fibroblasts as well as in bovine aorta
endothelial cells. Although it induced the phosphorylation
of JNK in bovine aorta endothelial cells, it had little effect
on JNK in fibroblasts (Figure 3C, top), indicating that JNK
is not responsible for the p43-induced proliferation of
fibroblasts. In contrast, the phosphorylation of Erk was
enhanced by p43, and reached its peak level within 30
minutes after the p43 treatment (Figure 3D). Suppression

of Erk with its inhibitor, U0126, specifically blocked the
p43-induced cell proliferation, whereas other kinase in-
hibitors had little effect (Figure 3E), suggesting that Erk
mediates the proliferative signal of p43 in fibroblasts.

Exogenous p43 Promotes Wound Repair

We then tested whether the proliferative activity of p43 on
fibroblasts could be reproduced in vivo. After introducing
a full-thickness excisional wound on the dorsal skin of
mice, we treated the wounds with p43 twice a day for 3
days. We then monitored whether supplementation with
p43 would promote the overall wound healing process.
On day 3 after wounding, the wound areas treated with

Figure 3. Erk is responsible for the p43-induced proliferation of fibroblasts. A: Foreskin fibroblasts were cultivated in the presence of biotin-labeled p43. The cell
binding specificity of biotin-p43 was determined by titrations with anti-p43 antibody or native p43. a: Biotin-p43 alone treated; b: biotin-p43 and anti-p43 antibody
treated; c: biotin-p43 and native p43 treated; d: FITC-conjugated secondary antibody alone treated. B: The time course of p43 binding to foreskin fibroblasts was
determined by Western blotting of the cell extracts. Foreskin fibroblasts were cultivated in the presence of 100 nmol/L p43, and were harvested at the indicated
times. The total protein extracts were prepared from the harvested cells, and the levels of exogenously treated His-tagged (exo) and endogenous (endo) p43 were
determined by Western blotting with the anti-p43 antibody. Note that the degradation band of p43 (arrowhead) is detected in the cells harvested at 12 hours
after p43 treatment. C: Time course of p43-dependent JNK activation in bovine aorta endothelial cells and foreskin fibroblasts. The cultivated cells were treated
with 100 nmol/L of p43 and were harvested at the indicated times. The levels of phosphorylated and total JNK were determined by Western blotting with their
respective antibodies. D: The p43-dependent activation of Erk was monitored in foreskin fibroblasts. The cells were treated with 100 nmol/L of p43, and were
harvested as above, and the amounts of phosphorylated and total Erk were determined by immunoblotting with their specific antibodies. E: The effects of various
kinase inhibitors on the phosphorylation of Erk induced by p43. Foreskin fibroblasts were pretreated with U0126 (30 �mol/L), PP2, SB202190, and LY294002 (each
at 10 �mol/L), and were subsequently treated with 100 nmol/L of p43. Then, the phosphorylation of Erk was determined by immunoblotting, as described above.
U0126, PP2, SB202190, and LY294002 are the inhibitors of ERK kinase, Src, two other MAPKs (p38 MAPK and JNK), and PI3K, respectively.
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p43-F or p43-N were reduced to �40% of the initial size
of the wound, whereas those treated with vehicle or
p43-C were still �70% of the size of the initial wounds
(Figure 4A). We sacrificed the mice 3 days after wound-
ing, and checked the proliferation of dermal fibroblasts
by immunofluorescence staining with the anti-Ki67 anti-
body, which recognizes a marker of proliferation.17 The
full-length and N-terminal domain of the p43 protein in-
creased the number of proliferating dermal skin fibro-
blasts, whereas its C-terminal domain did not (Figure 4B),
consistent with the activity of p43 on fibroblasts deter-
mined in vitro (Figure 2A). Because fibroblasts are an
important source of collagen during wound repair, we
also examined whether collagen production is induced in
fibroblasts by p43, using RT-PCR and Western blot anal-
yses. The collagen production from fibroblasts was sig-
nificantly elevated by p43 treatment, in dose- and time-
dependent manners (Figure 4, C and D).

Generation and Characterization of
p43�/� Mice

To confirm that p43 is functionally nonredundant and a
critical factor for wound healing, we generated p43-defi-
cient mice through the gene trap method, as previously
described.18,19 Using Southern blotting and genomic
PCR, we confirmed the insertion of the gene trap vector
into the p43 gene (Supplementary Figure 3A at http://
ajp.amjpathol.org). The insertion of the gene trap vector
sufficiently inhibited the expression of p43, as deter-
mined by Northern and Western blot analyses (Supple-
mentary Figure 3B at http://ajp.amjpathol.org). The exact
location of the gene trap insertion was confirmed by
sequencing (Supplementary Figure 3C at http://ajp.
amjpathol.org). The intercross of the heterozygotes gen-
erated wild-type, heterozygous, and homozygous off-
spring at a ratio of 1:3.3:1.8 (n � 97), and the newborn
homozygous pups showed normal gross morphology,
suggesting that the mutation does not cause serious
defects or lethality during embryogenesis. Because p43
was first identified as a component of the multi-tRNA
synthetase complex that contains several different tRNA
synthetases essential for the translation process, we
checked whether overall protein synthesis was damaged
by the depletion of p43. The cellular protein synthesis
was monitored by the incorporation of radioactive methi-
onine into nascent polypeptides, as determined by auto-
radiography and scintillation counting of the total pro-
teins. In both assays, few differences were observed
between the wild-type and mutant cells (Supplementary
Figure 3, D and E, at http://ajp.amjpathol.org). Because
protein synthesis in vivo is mainly controlled by the phos-
phorylation of eIF2�, which is the key regulator for transla-
tional initiation,20 the phosphorylation of eIF2� was also
compared by Western blotting with an anti-phospho-eIF2�
antibody. The result did not reveal apparent differences in
the phosphorylation of eIF2 � (Supplementary Figure 3F at
http://ajp.amjpathol.org). All of these results suggest that
the rate of protein synthesis may not be significantly

affected by a deficiency in p43, at least in cells cultivated
in complete media.

To determine whether the cell growth is affected by the
lack of p43, the growth rates of the p43�/� and p43�/�

cells were compared using isolated mouse embryonic
fibroblasts (MEFs). The same number of cells was
seeded, and the cell numbers were counted after 2 days
of cultivation. Then, the same cell numbers were diluted
into fresh media, and the same cultivation was repeated
for seven passages. The accumulated population dou-
bling of p43�/� and p43�/� cells was calculated as de-
scribed previously,21,22 and is displayed as a line graph.
This comparison showed that the wild-type and p43�/�

MEF cells grow at a similar rate (Supplementary Figure
3G at http://ajp.amjpathol.org). Based on these results,
we concluded that the depletion of p43 would have min-
imal effects on the isolated fibroblasts, in terms of protein
synthesis and proliferation.

Retardation of Wound Repair by Depletion
of p43

To determine the functional significance of p43 in wound
repair, we generated the dorsal skin wound as above and
compared the wound closure in the p43�/� and p43�/�

mice. The wound healing rate was significantly delayed in
the p43�/� mice (Figure 5, A and B). This result proves
the functional significance of p43 in the wound repair
process and implies that the p43 function is not compen-
sated by other growth factors or cytokines in vivo. To see
whether the retarded wound repair in the p43�/� mice
could be assisted by exogenous supplementation with
p43, we generated the skin injury in p43�/� and p43�/�

mice as above, and compared the effect of p43 on the
healing process. The treatment with exogenous p43 sig-
nificantly enhanced the wound closure in both the p43�/�

and p43�/� mice (Figure 5C), proving that the depletion
of the endogenous p43 was compensated by the exog-
enous supplementation with p43 in wound repair, al-
though the wound closure of the p43�/� mice was still
retarded as compared to that of the wild-type mice, even
after the exogenous p43 treatment. The immunofluores-
cence staining of the wound region showed that the
number of proliferating fibroblasts decreased with the de-
pletion of endogenous p43, and recovered by the sup-
plementation with p43 (Figure 5D, top). The number of
Ki76-positive proliferating cells was increased by approx-
imately twofold to fourfold by the treatment with p43 in
both p43�/� and p43�/� mice (Figure 5D, bottom). Be-
cause p43 also induced collagen production in cultivated
fibroblasts (Figure 4, C and D), we checked whether the
collagen content in the wound region is affected by the
p43 depletion or supplementation. As expected, the col-
lagen level was severely reduced by the deficiency of
endogenous p43 in p43�/� mice, but the application of
p43 to the wound area enhanced the collagen production
(Figure 5E), consistent with the in vitro results above. The
recovery of the delayed wound healing by the exogenous
supplementation of p43 in p43�/� mice suggests that the
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Figure 4. p43 stimulates fibroblast proliferation and collagen production for wound repair. A: The effects of the different forms of p43 on wound closure were
evaluated at various time intervals (top), and the relative size of the determined wound area is shown as a line graph, taking the initial wound size as 100%
(bottom). The wounds were generated on the dorsal skin of mice, as described above, and were treated with the same molar concentration of p43-F (4
�g/wound), p43-N (2.1 �g/wound), and p43-C (2.6 �g/wound) twice a day at after wounding at days 0, 2, and 4. The wound closure was monitored (top), and
the relative sizes of the wounds are represented as a line graph (bottom). B: The wounds were treated with different forms of p43 twice a day for 3 days (PW
0, 1, and 2). The 3 day after wound tissues were isolated, and cross sections of the wound area were subjected to H&E staining. The re-epithelialization regions
in the wounds (marked with boxes) were stained with the anti-Ki67 antibody and PI to visualize the proliferating fibroblasts (green) and the nuclei (red),
respectively. The Ki-67-positive (green) and total (red) cells were counted in four different wound areas of 0.044 mm2, and the percentages of the proliferating
cells were averaged and are demonstrated by bar graphs. C: The time course of p43-induced collagen production in foreskin fibroblasts was monitored by RT-PCR
of collagen type I transcript (top), and Western blotting with an anti-collagen type I antibody (bottom). D: The dose-dependent induction of collagen by p43
was also determined, as described above. Scale bars: 1 mm (A); 25 �m (boxed regions in A).
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functional activity of p43 in wound healing is exerted by
its extracellular cytokine activity.

Histological Analysis of the Effect of p43 on
Wound Healing

To further confirm the significance of p43 in wound heal-
ing, we also compared the effects of p43 deficiency and
exogenous supplementation on wound healing by histo-
logical analysis. After the creation of the full-thickness
excisional wounds, the rate of wound healing was mark-
edly delayed in the p43-deficient mice, as shown above

(Figure 5A), with an impaired inflammatory response
within 24 hours (data not shown) and a minimal fibroblas-
tic response by day 3 (Figure 6A). The wounds of the
p43�/� mice displayed fewer fibroblasts and less gran-
ulation tissue, as compared with the wild-type controls
(Figure 6A). In both cases, the exogenous supplementa-
tion with p43 increased the density of fibroblasts. A sig-
nificant difference in the re-epithelialization level, how-
ever, was not observed between p43�/� and wild-type
mice (data not shown). Thus, the retarded reduction of
the wound area in the p43-deficient mice (Figure 5A)
appears to result from minimal wound contraction be-

Figure 5. Depletion of endogenous p43 retards wound healing. A: The wound closure by the p43�/� and p43�/� mice was compared at various time intervals.
B: The change in the average wound area is represented by a line graph. C: The effect of p43 on the wound closure in the p43�/� and p43�/� mice. The excisional
wounds were generated on the dorsal skin of the p43�/� and p43�/� mice, treated with p43 at the concentration of 4 �g/wound, and the wound closure was
monitored as above. D, top: The re-epithelialization regions in the wounds were subjected to immunofluorescence staining with the anti-Ki67 antibody and PI
to determine the proliferation of dermal fibroblasts (green) and nuclei (red), respectively. D, bottom: The Ki-67-positive (green) and total (red) cells were
counted in the three different wound areas of 0.39 mm2, and the percentages of the proliferating cells were averaged and are demonstrated by bar graphs. E: The
amount of collagen in the re-epithelialization regions was compared by immunofluorescence staining with an anti-collagen antibody. Scale bars, 100 �m (D).
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Figure 6. Histological analysis of p43 effect on wound healing. A: A 0.5 cm diameter full-thickness portion of the dorsal skin was removed and cross sections
of the wound area were stained with H&E at day 3 after wounding. p43�/� and p43�/� mice were treated twice a day with vehicle or p43 (4 �g/wound).
Fibroblasts are rarely present in the wounds of p43-deficient mice, but are enriched by p43 treatment. B: The wound healing process was also monitored by
Masson-trichrome staining. The deposition of ECM in the wound was severely decreased by the depletion of p43, and was increased by the exogenous treatment
with p43. Original magnifications: �4; �10 (boxed regions).

396 Park et al
AJP February 2005, Vol. 166, No. 2



cause of the lower number of fibroblasts, because wound
contraction occurs through the contributions of re-epithe-
lialization and contractability of wound fibroblasts. This
interpretation is further strengthened by the Masson
trichrome-staining results of the wound sections. This
staining highlighted the decreased deposition of extra-
cellular matrix in the wounds of p43�/� mice as com-
pared to those of the wild-type mice, and its enhanced
accumulation by the exogenous application of p43 (Fig-
ure 6B). Combined together, these histological analyses
demonstrated results that are consistent with the stimu-
latory effect of p43 on fibroblastic activities and matrix
deposition during wound healing.

Discussion

The level of p43 rapidly increased up to 3 days after
injury, and subsequently decreased (Figure 1; A to C),
implying that it plays a significant role in the inflammation
and proliferation stage during wound repair. We have
previously shown that p43 itself can induce the expres-
sion of TNF-� in macrophages.6,7 This work demon-
strated that p43 is in turn induced and secreted from
macrophages by TNF-� (Figure 1; D to F). Thus, p43 and
TNF-� appear to form a positive feedback loop with each
other to amplify the inflammatory response on tissue in-
jury. When we monitored the accumulation of TNF-� in
the wound exudates, the levels of TNF-� and p43 were
both significantly increased in the wound exudates of the
wild-type mice, in contrast to the p43-deficient wounds
(Supplementary Figure 4A at http://ajp.amjpathol.org), fur-
ther supporting the stimulatory relationship between the two
proinflammatory factors in an autocrine manner. In contrast,
the p43 secreted from the macrophages works on the
proliferation of dermal fibroblasts in a paracrine mode.

The binding of p43 to fibroblasts is completed within 2
hours after the p43 treatment (Figure 3B). The gradual
decrease of exogenous p43 may result from the dissoci-
ation of p43 from the cell or degradation after internaliza-
tion. Among these possibilities, the latter seems to be the
case, because we previously observed the internalization
of p43 in various target cells (data not shown) and the
degradation band of p43 appeared at 12 hours after p43
treatment (Figure 3B, arrowhead). We previously ob-
served that p43 stimulates the migration, but not the
proliferation, of endothelial cells.9 However, we found in
this work that p43 had minimal effects on the migration of
fibroblasts, while it stimulated their proliferation (Figure
2). In addition, the proliferative activity on fibroblasts is
expressed only in the N-terminal domain of p43, whereas
its activities on immune and endothelial cells require the
intact p43 protein structure6,9 (Figure 2, A and B). Further
deletion mapping revealed that its activity on endothelial
cells appears to reside in the central region of p43,
explaining why both the N- and C-terminal domains re-
tained the activity (data not shown). p43 activates JNK in
endothelial cells, but not in fibroblasts (Figure 3C). All of
these results imply that p43 would work in fibroblasts via
a receptor and mechanism distinct from those in other
cells.7 It is also unknown whether posttranslational mod-

ifications are involved in the different cytokine activities or
potency of p43, because we used recombinant p43 pro-
duced in E. coli. We are currently investigating the struc-
tural relationship of p43 to its diverse biological activities.

It is plausible that a deficiency in p43 may reduce
cellular protein synthesis or proliferation, because p43
facilitates the catalytic reaction of the bound tRNA syn-
thetase.12 However, the protein synthesis and prolifera-
tion of the isolated fibroblasts were barely affected by the
deficiency of p43, at least in the complete media (Sup-
plementary Figure 3, D to G, at http://ajp.amjpathol.org).
Recently, we determined the functional significance of
another tRNA synthetase-associating factor, p38, in pro-
tein synthesis and cell proliferation. Although this factor
was essential for the assembly and stability of the com-
ponent enzymes within the multi-tRNA synthetase com-
plex, its absence did not affect the protein synthesis and
proliferation of the isolated fibroblasts.23 Thus, it is not so
surprising that the depletion of p43 does not severely
slow retard protein synthesis and cell proliferation. How-
ever, we cannot exclude the possibility that p43 may
become more significant for protein synthesis under
starving or stressful conditions. In addition, the retarded
wound healing caused by the lack of endogenous p43
was at least partially compensated by the exogenous
treatment with p43 in the p43�/� mice (Figure 5C), sug-
gesting that the slower wound healing does not result
from reduced cellular protein synthesis, and that the ex-
tracellular cytokine activity of p43 is mainly responsible
for the wound-healing process.

Diverse growth factors, with distinct activity mecha-
nisms, are involved in the process of wound healing at
different stages. Among them, epidermal growth factor,
fibroblast growth factor, PDGF, and transforming growth
factor-� have been relatively well studied.2 In addition,
proinflammatory cytokines can also promote wound re-
pair by various processes. For instance, mice deficient in
interleukin-6 displayed compromised cutaneous wound
healing.24,25 In this case, interleukin-6 indirectly stimu-
lates keratinocyte migration via its activation of STAT3 in
fibroblasts, which can induce some soluble factors. In
contrast to interleukin-6, p43 directly stimulates fibroblast
proliferation and collagen production. In addition, it also
confers chemotactic activities to endothelial and immune
cells.6,9 In fact, the exogenous supplementation of p43
enhanced the accumulation of macrophages and endo-
thelial cells in the wound area (Supplementary Figure 4B
at http://ajp.amjpathol.org). Thus, all of these complex
activities of p43 on fibroblasts as well as endothelial and
immune cells can cooperatively facilitate the wound heal-
ing process. We anticipate that p43 will be a novel wound
healing agent, which may work in combination with other
previously characterized wound healing growth factors
and cytokines.
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