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Background: The in vivo function of Ppm1a in mammals remains unknown.
Results:Mice lacking Ppm1a developed normally but showed delayed re-epithelialization with retarded keratinocytemigration
caused by overactivation of Smad2 during cutaneous wound healing.
Conclusion: Ppm1a, through suppressing Smad2-mediated signaling, plays a critical role in re-epithelialization.
Significance:We provided the first direct and critical genetic evidence of the in vivo role of Ppm1a.

Protein phosphatase magnesium-dependent 1A (PPM1A), a
protein serine/threonine phosphatase, controls several signal
pathways through cleavage of phosphate from its substrates.
However, the in vivo function of Ppm1a in mammals remains
unknown.Herewe reported thatmice lackingPpm1adeveloped
normally but were impaired in re-epithelialization process dur-
ing cutaneous wound healing. Specifically, complete or kerati-
nocyte-specific deletion of Ppm1a led to delayed re-epithelial-
ization with reduced keratinocyte migration upon wounding.
We showed that this effect was the result of an increase in
Smad2/3 phosphorylation in keratinocytes. Keratinocyte-spe-
cific Smad2 deficient mice displayed accelerated re-epithelial-
ization with enhanced keratinocyte migration. Importantly,
Smad2 and Ppm1a double mutant mice also exhibited acceler-
ated re-epithelialization, demonstrating that the effect of
Ppm1a on promoting re-epithelialization is mediated by Smad2
signaling. Furthermore, the decreased expression of specific
integrins and matrix metalloproteinases (MMPs) may contrib-
ute to the retarded re-epithelialization in Ppm1a mutant mice.
These data indicate that Ppm1a, through suppressing Smad2
signaling, plays a critical role in re-epithelialization during
wound healing.

Cutaneous wound healing comprises three well-defined
temporally overlapping stages: inflammation, new tissue for-
mation with synthesis of new connective tissue and epithelial
wound closure (re-epithelialization), and remodeling (1). Re-

epithelialization, which is responsible for the rapid restoration
of an intact epidermal barrier with neo-epidermis, necessitates
keratinocyte migration, proliferation, and differentiation (2).
Re-epithelialization is influenced by a combination of growth
factors, including hepatocyte growth factor (HGF), fibroblast
growth factors (FGFs), epidermal growth factor (EGF), hepa-
rin-binding epidermal growth factor (HB-EGF), as well as
transforming growth factor-� (TGF-�) in a temporospatial
manner (2).
TGF-� binds to its receptors at the cell surface, facilitating

phosphorylation of the type I receptor (T�RI) by the type II
receptor (T�RII). The activated T�RI then phophorylates the
receptor-activated Smads (R-Smads), Smad2 and Smad3, at
two serines in their C-terminal SXS motifs. The phosphoryl-
ated Smad2/3 complex associates with the common Smad (Co-
Smad), Smad4, which translocates to the nucleus and regulates
expression of specific target genes, leading to a particular bio-
logical response (3, 4). Studies from TGF-�1 or Smad4 knock-
out mice and activin A transgenic mice have indicated that
TGF-� signaling pathway promotes re-epithelialization during
cutaneous wound healing (5–7). However, overwhelming evi-
dence from genetic alteration of other TGF-�/Smad signaling
components, such as overexpression of TGF-�1, BMP6,
Smad2, or dominant negative type II TGF-� receptor, and loss
of Smad3, supports the inhibitory effects of TGF-� signaling on
re-epithelialization (8–15). Recently, Dpr2, �3-integrin and
�3-integrin have been shown to regulate the rate of re-epithe-
lialization by modulating TGF-� signaling (16–18). Therefore,
identifying new regulators of TGF-�/Smadpathway involved in
re-epithelialization will be helpful for better understanding of
the sophisticated roles of TGF-� signaling in wound healing.

Protein phosphatase magnesium-dependent 1A (PPM1A),4
belonging to PPM family, is a metal-ion-dependent phospha-
tase that cleave phosphate from phosphorylated serine and
threonine residues (19). Anumber of substrates of PPM1Ahave
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been identified, including p38 kinase (20), phosphatidylinositol
3-kinase (PI3K) (21), Cdk2 (22), Axin (23), and Smads (19, 24).
As the first identified phosphatase capable of catalyzing
dephosphorylation of Smad2/3, PPM1A decreases the cellular
responses to TGF-� (19, 25). PPM1A has also been shown to
suppress BMP signaling dependent or independent of Smad
dephosphorylation (24, 26). However, the in vivo function of
PPM1A in mammals and its functional substrates remain
unknown.
In the present study, we generated complete Ppm1a gene

knock-outmice and found that Ppm1awas dispensable for nor-
mal embryonic and postnatal development.We, therefore, ana-
lyzed the wound healing phenotypes of two in vivo models of
Ppm1a deficiency and demonstrated that Ppm1a promoted re-
epithelialization by suppressing Smad2-mediated signaling.

EXPERIMENTAL PROCEDURES

Generation of Ppm1a Mutant Mice—A 13 kb genomic frag-
ment, comprising the 4 kb 5�-region, the LoxP-floxed exon 2
and exon 3, and the 3 kb 3�-region, were cloned into the Pfrt1
vector containing a FRT-floxed neomycin resistance cassette
and a TK cassette. The neomycin cassette was inserted 300 bp
upstream of exon 2, and the other LoxP was inserted 3.5 kb
downstream of exon 3. NotI-linearized targeting vector was
electroporated into TC1mouse embryonic stem (ES) cells (27).
Correct targeted ES cellswere confirmedby Southern blot anal-
ysis. The chimeric mice were generated by microinjection of
targeted ES cells into C57BL/6J blastocysts.
Genotyping by PCR Analysis—Ppm1a primer 1 (5�-AGCAC-

CTGGTCAGCATCTTG-3�) and primer 2 (5�-ACTTTGAC-
TACACGAGCTTGAGA-3�) from Ppm1a genomic sequence
amplified a 221 bp or a 320 bp fragment from the wild-type
allele or the conditional knock-out allele. The combinatory use
of primer 2 and primer 3 from neomycin cassette (5�-
TGGGGATGCGGTGGGCTCTAT-3�) amplified a 450 bp
fragment from the complete mutant allele. Smad2 primer 4
(5�-TGCCCACACAAACCTTTCCTG-3�) and primer 5 (5�-
TTGGGGGAAGACAAGTGGATT-3�) from Smad2 genomic
sequence amplified a 251 bp or a 301 bp fragment from the
wild-type or the conditional knock-out allele. TheCre genewas
identified by primer 6 (5�-TGGTTGTCAATACTCCTGGTC-
CTG-3�) and primer 7 (5�-TTGCGAACCTCATCACTC-
GTTG-3�).
RNA Isolation andReal-timePCR—Total RNAwas extracted

from mice using TRIzol reagent (Invitrogen), and used for
reverse transcription with mRNA Selective PCR kit (Takara).
Real-time PCR was performed by a SYBR Green assay with
Roche Light Cycler 1.5 system. Expression values were normal-
ized to GAPDH expression. The primer sequences were as fol-
lows: integrin �v: 5�-CCCAAAGCGAACACGACC-3� and
5�-CACAGAGGCTCCAAACCA-3�; integrin �1: 5�-GGGG-
TATTTGTGAATGTGGTGC-3� and 5�-CTTTGGTGAGAT-
TGAAGTGGGAG-3�; integrin �5: 5�-CACATTGCCCTCAA-
CTTCT-3� and 5�-CTTGTCCTCTATCCTGCTTTT-3�;
MMP2: 5�-CAAGAGCGTGAAGTTTGG-3� and 5�-TACAG-
AGGAGGACAGAGCC-3�; MMP13: 5�-CCCTTGATGCCA-
TTACCA-3� and 5�-GTCACGGGATGGATGTTC-3�;

GAPDH: 5�-TGCCCAGAACATCATCC CT-3� and 5�-GGT-
CCTCAGTGTAGCCCAAG-3�.
In Vivo Wound-healing Experiments—Littermates at 6–8

weeks of the same sex were used. Four 4-mm full-thickness
cutaneous biopsy punch wounds were generated in the back
skin of the gene-deficient mice and control littermates (16).
The mice were killed at different time points (3, 5, 7 days) after
injury and wounds were excised including 2 mm of the epider-
mal margins for RNA or protein isolation.Wounded tissue was
removed and fixed overnight in cold 4% PFA for paraffin or
snapfrozen in OCT (Thermo Lifesciences). The wound width
was quantitated by measuring the distance between epithelial
edges across the wound bed. The width of wound sites minus
the wound width was neo-epithelial length.
Histological Analysis, Immunohistochemistry, and Immuno-

fluorescence—Mouse tissues were embedded in paraffin, sec-
tioned at 6 �m, and stained with hematoxylin and eosin (H&E)
or analyzed by immunological methods. For BrdU labeling,
mice were injected intraperitoneally with 100�g/g bodyweight
of BrdU (Sigma) 2 h before sacrifice. For immunohistochemis-
try and immunofluorescence, the slides were incubated with
K14 antibody (1:1000, Covance) and BrdU antibody (1:300,
Abcam), followed by incubation with FITC-conjugated anti-
rabbit IgG and TRITC-conjugated anti-rat IgG, or biotin-con-
jugated goat anti-rabbit IgG (all 1:100, Zhongshan, Beijing).
Signals were detected by DAB (Zhongshan, Beijing) staining or
directly by fluorescence microscopy. Slides were observed
under a Nikon E600 microscope (Tokyo, Japan) with a digital
camera.
Preparation and in Vitro Culture of Keratinocytes—Primary

mouse keratinocytes were isolated from skin of newborn mice.
Full thickness skin was treated with 5 mg/ml Dispase (Invitro-
gen) solution overnight (14�16 h) at 4 °C. The epidermis was
gently separated from the dermis and transferred onto the sur-
face of the drop of TrypLE Select (Invitrogen) with the basal
layer downward. The epidermis was incubated for 20–30 min
at room temperature, followed by suspending in Keratinocyte-
SFM medium with supplements (Invitrogen). Cells were sepa-
rated from the epidermis and incubated in dishes coated with
coating solution (10 �g/ml fibronectin, 1% v/v vitrogen 100
collagen, 100 �g/ml BSA, 10 mM HEPES) at 34 °C in 5% CO2.
Attached cells were further cultured in freshKeratinocyte-SFM
medium with supplements and 5% fetal bovine serum
(Hyclone), which was replaced once every 2 days.
Western Blot—The protein from the wounded edge of mice

was collected at days 0, 3, and 5 after injury. The tissue lysates
were separated by 12% SDS-polyacrylamide gels and trans-
ferred onto polyvinylidene fluoride membranes (Bio-Rad).
Antibodies used included Ppm1a, Smad2, p-Smad2/3, total
Smad2/3, p-Smad2, total Smad2, p-Smad3, total Smad3
(1:1000, CST), and GAPDH (1:2000, Zhongshan, Beijing) was
used as a loading control.
InVitro ScratchClosureAssay—The 80–90% confluent kera-

tinocytes in 6-well plates were treated with 10 �g/ml mitomy-
cin C (Sigma) for 2 h to remove the influence of cell prolifera-
tion. Cells were then scratchedwith a pipette tip. Cellmigration
was monitored by microscopy at 0 and 48 h after wounding.
The images acquired for each sample can be further analyzed
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quantitatively. For each image, distances between one side of
scratch and the other can be measured. By comparing the
images from time 0 to 48 h, we obtain the distance of each
scratch closure on the basis of the distances that are measured
by software.
Statistical Analysis—All values were expressed as mean �

S.D. Statistical analysis of the data were performed by two-
tailed Student’s t test. *, p � 0.05; **, p � 0.01.

RESULTS

Normal Embryonic Development in Complete Ppm1a-defi-
cient Mice—The Cre-LoxP site-specific recombination system
was used to target Ppm1a for complete and conditional deletion
in mouse. To generate the Ppm1a targeting construct, a neo-
mycin (neo) resistance cassette flanked by two FRT sites and a
single LoxP site is inserted into the upstream of exon 2 of
Ppm1a gene, and the second LoxP site was introduced into
intron 3 (supplemental Fig. S1A). This targeting construct was
electroporated into mouse ES cells. The homologous recombi-
nant ES clones were determined by Southern blotting analysis
(data not shown), andwere injected into blastocysts to generate
chimeric mice. The chimeric mice exhibited germline trans-
mission of the LoxP-floxed Ppm1a allele (Ppm1afl/�).
Ppm1afl/� mice were bred with EIIa-Cre mice (28) to generate
complete Ppm1a-deficient mice (Ppm1a�/�) (supplemental
Fig. S1B).
Murine Ppm1a was expressed in a ubiquitous manner,

including in various adult tissues and embryos (supplemental
Fig. S1C). To evaluate the efficiency of Ppm1a excision in
Ppm1a�/� mice, we detected the RNA from a number of tis-
sues by RT-PCR analysis, and verified that no detectable Ppm1a
transcripts were found in liver, stomach, and skin tissues from
Ppm1a�/� mice (supplemental Fig. S1D).
Ppm1a�/� mice were born withMendelian frequencies, and

presented no genotype dependent differences in grossmorpho-
logical abnormalities, or fertility. These findings indicated that
Ppm1a was not essential for normal embryonic development.
Deletion of Ppm1aLed toDelayed Re-epithelialization during

Wound Healing via Decreased Keratinocyte Migration—To
investigate the role of Ppm1a during cutaneous wound healing,
full-thickness 4-mmpunch biopsies weremade in the back skin
of wild-type mice. Interestingly, we found that, after injury, the
amount of Ppm1a at wound edge was decreased by 25 and 80%
at days 1 and 3, respectively (Fig. 1A). This raises a question of
whether or not Ppm1a is required for normal wound healing.
Thus, we explored the consequence of Ppm1a deletion during
wound healing. As expected, Ppm1a protein was detectable in
whole skin tissue or in the isolated primary keratinocytes from
control heterozygous mice (Ppma�/�), but was undetectable
from Ppm1a�/� mice (Fig. 1B). The healing process was ana-
lyzed at days 3, 5, and 7 days after injury (n � 5 for each time
point and genotype). Wounds were immunostained with Ker-
atin 14 antibody for examination of re-epithelialization (meas-
ured by wound widths and lengths of neo-epithelium). Because
the re-epithelialization rate in heterozygous mice (Ppm1a�/�)
was comparable with that in wild-type mice (data not shown),
we used the Ppm1a�/� mice as controls in this study. We
observed that the re-epithelialization in Ppm1a�/� mice was

markedly delayed compared with that of control littermates
(Fig. 1C). The wound widths were larger and neo-epithelial
lengths were shorter at days 3, 5, 7 in Ppm1a�/� healing skin
than controls (Fig. 1, D and E; p � 0.05). In addition, the gran-
ulation tissue formation in both Ppm1a-null and control mice
occurred comparably at day 5 (data not shown).
Re-epithelialization is mainly dependent on keratinocyte

migration and keratinocyte proliferation (2). There was a com-
parable number of cells proliferating at wound edge from
Ppm1a�/� and control mice, as determined by bromodeoxyu-
ridine (BrdU) labeling (Fig. 2, A and B). To assess whether loss
of Ppm1a affected keratinocyte migration, primary keratino-
cytes were isolated from Ppm1a�/� and control newbornmice,
and an in vitro scratch assay, in which a “wound” is introduced
in cultured monolayer keratinocytes, was performed. The rate
of scratch closure from Ppm1a�/� keratinocytes was notably
slower by 37% than that from controls at 48 h after wounding
(Fig. 2, C and D; p � 0.01), suggesting that delayed re-epitheli-
alization observed in Ppm1amutantmicemight be attributable
to reduced keratinocyte migration.
To clarify whether or not Ppm1a-deficient keratinocytes, but

not other cell types, mainly accounted for the delayed re-epi-
thelialization observed in Ppm1a�/� mice, we generated kera-
tinocyte-specific Ppm1a mutant (K5-Cre;Ppm1afl/fl) mice by
breeding Ppm1afl/fl mice with K5-Cre transgenic mice (29, 30).
Dramatic reduction of Ppm1awas demonstrated in the isolated
Ppm1a mutant primary keratinocytes (supplemental Fig. S2A).
Similar to complete Ppm1a-null mice, K5-Cre;Ppm1afl/fl mice
also exhibited impaired re-epithelialization and retarded kera-
tinocyte migration (supplemental Fig. S2, B–F), suggesting that
Ppm1a in keratinocytes was responsible for maintaining the
normal rate of re-epithelialization during wound healing.
Overactivation of Smad2 in Ppm1a-deficientMice—Previous

studies have shown that Ppm1a could modulate Smad and

FIGURE 1. Deletion of Ppm1a led to delayed re-epithelialization during
wound healing. A, Ppm1a expression was detected by real-time PCR at
wound edge at days 0, 1 and 3 after injury. B, Western blot analysis revealed
loss of Ppm1a protein in skin tissue and primary keratinocytes from
Ppm1a�/� mice. Arrows indicated the specific band of Ppm1a. C, sections of
wounded skin of Ppm1a�/� and control mice were immunostained with K14
antibody (brown) at days 3, 5, and 7 after injury. Arrows indicated the leading
edges of wounded epidermis. D and E, quantitative analyses of wound width
(D) and neo-epithelia length (E). n � 5. Values represent mean � S.D. *, p �
0.05; **, p � 0.01. Scale bar: 400 �m (C).
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PI3K/Akt signaling pathways, both of which are involved in
wound healing process and keratinocyte migration (9, 12, 19,
21, 31). So we checked the expression levels of p-Akt and
p-Smad2/3 at wound edge from Ppm1a-null and control mice
by Western blot. p-Akt expression remained unchanged in
Ppm1a-null mice compared with control mice post-wounding
(supplemental Fig. S3A). Both p-Smad2 and p-Smad3 were up-
regulated in control mice 3 days after injury, and were pro-
foundly increased in Ppm1a-null mice compared with that in
controls before and after wounding (Fig. 3A). The up-regula-
tion of p-Smad2 was also detected at wound edge of keratino-
cyte-specific Ppm1a mutant (K5-Cre;Ppm1afl/fl) mice (Fig. 3B).
Consistently, the increased expression of p-Smad2/3 was
observed in the isolated primary keratinocytes of K5-Cre;
Ppm1afl/fl mice (Fig. 3C). In addition, Smad2 expression was
not changed after Ppm1a deletion (supplemental Fig. S3B).
These data suggested that enhanced activation of Smad2/3 sig-
naling in keratinocytes possibly contributed to the delayed re-
epithelialization in Ppm1a-null mice.
Keratinocyte-specific Smad2Deletion Resulted inAccelerated

Re-epithelialization—To determine if keratinocytic Smad2
plays a critical role during wound healing, we generated kerati-
nocyte-specific Smad2 mutant (K5-Cre;Smad2fl/fl) mice by
breeding Smad2fl/fl mice (32) with K5-Cre transgenic mice.
Although mice with keratinocyte-specific Smad2 deletion
exhibit accelerated formation and malignant progression of
chemically induced skin tumors (33), the consequence of kera-
tinocyte-specific Smad2 deletion in wound healing remains
unknown. Western blot confirmed that Smad2 expression was
significantly down-regulated in primary keratinocytes of
K5-Cre;Smad2fl/fl mice (Fig. 4A). In contrast to Ppm1a-null
mice, the rate of re-epithelialization was markedly accelerated
inK5-Cre;Smad2fl/flmice comparedwith controls (Fig. 4,B–D).
The wound widths were smaller and neo-epithelial lengths

were longer at days 3, 5, 7 in K5-Cre;Smad2fl/fl healing skin
compared with controls (Fig. 4, C and D; p � 0.05, n � 5).
Similar to that in Ppm1a-null mice, the rate of proliferative
keratinocytes at wound edge was equivalent in both K5-Cre;
Smad2fl/fl and control mice (Fig. 4, E and F). Moreover, migra-
tion of Smad2 deficient keratinocytes was significantly
enhanced by 41% compared with control cells at 48 h in an in
vitro scratch assay (Fig. 4, G and H; p � 0.01), indicating that
accelerated re-epithelialization observed in Smad2-deficient
mice was associated with enhanced keratinocyte migration.
Simultaneous Deletion of Smad2 and Ppm1a Accelerated Re-

epithelialization Rate—To further confirm that whether or not
Smad2 is required for Ppm1a-regulated re-epithelialization, we
generated Smad2 and Ppm1a double mutant mice. Western
blot confirmed that the expression of both Smad2 and Ppm1a
was significantly downregulated in primary keratinocytes of
K5-Cre;Smad2

fl/fl
;Ppm1a�/� mice (Fig. 5A). As expected, the

rate of re-epithelialization was dramatically accelerated in
K5-Cre;Smad2fl/fl;Ppm1a�/� mice compared with controls
(Fig. 5, B–D; p� 0.05). Furthermore, the rate of scratch closure
from double mutant keratinocytes was notably faster by 45%
than that from controls at 48 h after wounding (Fig. 5, E and F;
p � 0.01). The above data demonstrated that the effect of
Ppm1a on promoting re-epithelialization ismediated by Smad2
signaling, at least during cutaneous wound healing.

FIGURE 2. The reduced keratinocyte migration contributed to the
delayed re-epithelialization in the Ppm1a-deficient mice. A, immunoflu-
orescence staining with BrdU (red) and K14 (green) antibodies was carried out
at day 3 after injury in Ppm1a�/� and control wound sections. No obvious
difference was found in percentage of BrdU positive keratinocytes in
Ppm1a�/� and control mice. B, quantification of the percentage of BrdU-
positive keratinocytes; n � 3. C, scratch wound-healing assay was conducted
in the Ppm1a�/� and control keratinocyte monolayers. Migration distance
was measured at 0, 48 h after cells were scratched. D, quantification of migra-
tion distance. n � 3. Values represent mean � S.D. *, p � 0.05; **, p � 0.01.
Scale bar: 50 �m (A)

FIGURE 3. Ppm1a-deficient mice displayed overactivation of Smad2 post-
wounding. A, Western blot was performed to detect expression of phospho-
rylated Smad2 (p-Smad2) and Smad3 (p-Smad3) and total Smad2 and Smad3
at wound edge of Ppm1a�/� and control mice at days 0 and 3 after injury.
Each protein sample was a mixture of 3 mice with the same genotype. Bar
charts represent densitometry results. B, Western blot analysis showed that
p-Smad2 was increased at the wound edge of K5-Cre;Ppm1afl/fl mice. Each
protein sample was a mixture of 3 mice with the same genotype. Bar charts
represent densitometry results. C, Western blot revealed the up-regulation of
p-Smad2/3 expression in the primary keratinocytes from K5-Cre;Ppm1afl/fl

mice. Arrows indicated the specific band of p-Smad2 and Smad2. Bar charts
represent densitometry results.
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Altered Expression of Integrins andMMPs in Ppm1aMutant
Mice—During the re-epithelialization process, keratinocytes
should be able to detach from the underlying basal lamina and
migrate through the fibrin and extracellular matrix (ECM)
meshwork of the wound. Two classes of molecules, the integ-
rins and matrix metalloproteinases (MMPs), have been shown
to facilitate keratinocyte migration during wound healing (34,
35). We examined integrins and MMPs expression in Ppm1a
singlemutant, Smad2 singlemutant or Ppm1a and Smad2 dou-
ble mutant mice by real-time PCR assay. At day 3 post-injury,
the expression levels of integrin �1, integrin �5, integrin �v,
MMP13, and MMP2 were apparently down-regulated at
K5-Cre; Ppm1afl/fl wound edge compared with that at control
wound edge (Fig. 6; p� 0.01). Conversely, the expression of the

above molecules were up-regulated in Smad2 single deficient
mice or Ppm1a and Smad2 doublemutantmice compared with
corresponding controls (Fig. 6; p � 0.05). In addition, similar
changes of the above integrins and MMPs were found in com-
plete Ppm1a gene knock-out mice (supplemental Fig. S4).
These expression differences of key effectors of keratinocyte
movement likely contributed to the delayed wound closure in
Ppm1a-deficient mice.

DISCUSSION

There are three novel findings in the present study. First,
deletion of Ppm1a is dispensable for embryonic develop-
ment and adult homeostasis; second, deletion of Ppm1a
leads to delayed re-epithelialization during wound healing

FIGURE 4. Keratinocyte-specific deletion of Smad2 resulted in accelerated re-epithelialization during wound healing. A, Western blot analysis demon-
strated that Smad2 expression was dramatically decreased in the primary keratinocytes from K5-Cre;Smad2fl/fl mice. B, wound widths were determined by K14
(brown) immunostaining in K5-Cre;Smad2fl/fl and control wounded skin at days 3, 5, and 7 after injury. Arrows indicated the leading edges of wounded
epidermis. C and D, quantification of wound width and neo-epithelia length over 7 days after injury. n � 5. E, immunofluorescence staining with BrdU (red) and
K14 (green) antibodies was performed at day 3 after injury in K5-Cre;Smad2fl/fl and control wound sections. F, quantification of the percentage of BrdU positive
keratinocytes; n � 3. G, confluent K5-Cre;Smad2fl/fl and control keratinocytes were wounded by scraping. Migration distance was measured at 0, 48 h after cells
were scratched. H, quantification of migration distance; n � 3. Values represent mean � S.D. *, p � 0.05; **, p � 0.01. Scale bars: 400 �m (B); 50 �m (E).
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via decreased keratinocytemigration; third, Ppm1a can repress
overactivation of Smad2 signaling, which is inhibitory for epi-
dermal cell migration in wound healing. Taken together, we
identified, for the first time, the pathophysiological role of
Ppm1a in re-epithelialization process during wound healing.
We provided the first and critical in vivo genetic evidence

showing a role of Ppm1a in promoting keratinocyte migration
during wound healing. Ppm1a has been shown to regulate cell
proliferation and cell differentiation in vitro (19, 21). A recent
study has revealed that PPM1A is involved in human cytropho-
blast cell migration (36). Although PPM1A decreases the
growth-inhibitory effect of TGF-� via dephosphorylating
Smad2/3 in HaCaT cell (19), an immortalized human keratino-
cyte cell line, the role of PPM1A in keratinocyte migration is
largely unknown. In this study, skin development and homeo-

stasis were normal in both complete and conditional keratino-
cyte specific Ppm1a mutant mice, which suggested functional
redundancy of other members of Ppm1 family in skin forma-
tion. However, under conditions of the cutaneous stress
response, the function of Ppm1a during re-epithelialization
process is indispensable. Deletion of Ppm1a led to delayed re-
epithelialization due to the retarded keratinocyte migration,
but not due to altered keratinocyte proliferation (Figs. 1 and 2).
More importantly, we found that the phenotypes were identical
between complete and epiderm-specific Ppm1a mutant mice,
suggesting that Ppm1a in keratinocyte, but not in other cell
types, is required for normal re-epithelialization process. Con-
sistent with the notion, Ppm1a is expressed at high levels in
epidermis, but at very low levels in dermal fibroblasts, vessels,
and microvasculature (37).
Growing evidence has shown that Ppm1a could dephospho-

rylate its distinct targets to control particular cellular activities
(19, 21). Here, we first exemplified that Ppm1a could suppress
Smad2 signaling, thereby promoting keratinocyte migration
and re-epithelialization during wound healing. Deletion of
Ppm1a elevated the expression level of p-Smad2 at wound edge
post-wounding (Fig. 3, A and B) and in primary isolated kerati-
nocytes (Fig. 3C). Consistently, a previous study has indicated
that overexpression of Smad2 is inhibitory for re-epithelializa-
tion (12). Delayed wound healing because of retarded keratino-
cyte migration has been found in the Smad2 transgenic mice
(12), which is quite similar to that observed in Ppm1a mutant
mice. To support this notion, in this study, we showed that
keratinocyte-specific Smad2 deletion led to accelerated re-epi-
thelialization caused by the enhanced keratinocyte migration.
Similar to the phenotypes found in Smad2 single mutant mice,

FIGURE 5. Simultaneous deletion of Smad2 and Ppm1a accelerated re-epithelialization rate. A, Western blot showed that the expression of Smad2 and
Ppm1a were significantly reduced in the primary keratinocytes from K5-Cre;Smad2fl/fl;Ppm1a�/� mice. Arrows indicated the specific band of Ppm1a. B, K14
(brown) immunostaining of the sections of wounded skin in K5-Cre;Smad2fl/fl;Ppm1a�/� mice and control mice at day 3 after injury. Arrows indicated the leading
edges of wounded epidermis. C and D, quantification of wound width and neo-epithelia length at day 3 after injury. n � 4. E, confluent K5-Cre;Smad2fl/fl;
Ppm1a�/� and control keratinocytes were wounded by scraping. Migration distance was measured at 0, 48 h after cells were scratched. H, quantification of
migration distance; n � 3. Values represent mean � S.D. *, p � 0.05; **, p � 0.01. Scale bars: 400 �m (B).

FIGURE 6. Altered expression of specific integrins and MMPs in Ppm1a
single mutant, Smad2 single mutant, or Ppm1a and Smad2 double
mutant mice. Real-time PCR was carried out using RNAs isolated from K5-Cre;
Ppm1afl/fl, K5-Cre;Smad2fl/fl, K5-Cre;Smad2fl/fl;Ppm1a�/� and their littermate
control wound edge. The expression of integrin �1(Itg�1), Itg �5, Itg �v,
MMP13, and MMP2 was quantified and normalized to GAPDH; n � 3. Values
represent mean � S.D. *, p � 0.05; **, p � 0.01.
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Smad2 and Ppm1a double mutant mice exhibited accelerated
re-epithelialization rate, strongly suggesting that Smad2 is
required for Ppm1a-regulated re-epithelialization. Moreover,
the inverse expression patterns of specific integrins andMMPs
in Ppm1a-null and Smad2-nullmice or Ppm1a and Smad2 dou-
blemutantmice suggested that Ppm1amightmodulate expres-
sion of the above effectors possibly through its Smad2-antago-
nizing activity. During wound healing, Ppm1a expression at
wound edge was down-regulated (Fig. 1A), and accordingly,
p-Smad2/3 expression was gradually increased post-wounding
(Fig. 3A). This raises an interesting question of what mecha-
nism by which Ppm1a was regulated, thereby influencing
Smad2 signaling. Further study involved in regulation of Ppm1a
would provide new insights into the role of Ppm1a in fine tun-
ing diverse signals during wound healing process.
Our present study provided new evidence supporting the

notion that TGF-�/Smad signaling plays an inhibitory role in
re-epithelialization during skin wound healing, at least in the
full thickness wound scenario. We found that mice deficient in
Ppm1a, which exhibited overactivation of Smad2, displayed
significantly decreased re-epithelialization, demonstrating that
epidermal TGF-�/Smad signaling repressed re-epithelializa-
tion. Smad2mutantmice showed the opposite phenotypes, fur-
ther supporting the point of view. Consistently, many previous
in vivo studies have indicated that TGF-�/Smad signaling sup-
presses wound re-epithelialization. The re-epithelialization of
full thickness wounds is delayed in TGF-�1, BMP6, or Smad2
overexpressing transgenic mice (10, 12–14), and accelerated in
mice expressing a dominant-negative type II TGF-� receptor
(8) or Smad3-null mice (9). In contrast, the results from the
micewith deletion of TGF-�1 or Smad4, andmice overexpress-
ing activin A, suggest a positive role of TGF-�/Smad signaling
in re-epithelialization (5–7). These obvious discrepancies
might largely due to various effects of TGF-� signaling medi-
ated by different cell types involved in wound healing. Future
studies using various cell- and stage-specific genetically modi-
fied mice will be crucial to better define the effect of TGF-�/
Smad signaling on wound re-epithelialization.
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