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Although a host of intracellular signals is known to contribute to wound healing, the role of the cell microen-
vironment in tissue repair remains elusive. Here we employed 2 different mouse models of genetic skin fragil-
ity to assess the role of the basement membrane protein collagen VII (COL7A1) in wound healing. COL7A1 
secures the attachment of the epidermis to the dermis, and its mutations cause a human skin fragility disor-
der coined recessive dystrophic epidermolysis bullosa (RDEB) that is associated with a constant wound bur-
den. We show that COL7A1 is instrumental for skin wound closure by 2 interconnected mechanisms. First, 
COL7A1 was required for re-epithelialization through organization of laminin-332 at the dermal-epidermal 
junction. Its loss perturbs laminin-332 organization during wound healing, which in turn abrogates strictly 
polarized expression of integrin α6β4 in basal keratinocytes and negatively impacts the laminin-332/integrin 
α6β4 signaling axis guiding keratinocyte migration. Second, COL7A1 supported dermal fibroblast migration 
and regulates their cytokine production in the granulation tissue. These findings, which were validated in 
human wounds, identify COL7A1 as a critical player in physiological wound healing in humans and mice and 
may facilitate development of therapeutic strategies not only for RDEB, but also for other chronic wounds.

Introduction
Impaired cutaneous wound healing is a complication of many 
major diseases; consequently, chronic wounds confer a high 
socioeconomic burden for the society (1). Therapeutic interven-
tion is possible only to a certain degree, since the pathogenetic 
mechanisms underlying delayed wound closure are not fully 
understood. After acute tissue injury, wound healing proceeds 
as a highly orchestrated process in 3 overlapping phases (2, 3). 
First, directly after wounding, activated thrombocytes form a 
fibrin clot to stop bleeding and to maintain tissue homeostasis; 
this is accompanied by recruitment of neutrophils and macro-
phages by proinflammatory cytokines released into the injured 
tissue (3, 4). The second phase aims at repair of the wounded 
area. Recruited blood cells stimulate keratinocytes to prolifer-
ate and migrate to cover the wound. In the dermis, the fibrin 
clot is replaced by a vessel- and collagen-rich granulation tissue, 
in which the fibroblasts differentiate into myofibroblasts that 
contract the wound (3). The third and longest phase of wound 
healing includes maturation and remodeling of the new tissue. 
In this phase, myofibroblasts and excessive capillaries disappear, 
and tissue strength is improved by turnover and remodeling of 
the provisional extracellular matrix (3).

As an organ that is constantly exposed to external dangers, the 
skin requires mechanical toughness and efficient repair mech-
anisms. Maintenance of integrity and resistance to frictional 
forces are provided by the interface between the epidermis and 
the dermis, the dermal-epidermal junction zone (DEJZ) (5, 6). 
Loss-of-function mutations in the genes encoding DEJZ proteins 
are responsible for skin fragility disorders collectively termed 
epidermolysis bullosa (EB), which manifest with mechanically 
induced skin blisters and chronic skin fragility (7). This proves 

the importance of the DEJZ and its individual components for 
preservation of skin integrity.

However, knowledge of the role of individual DEJZ molecules 
in wound healing remains limited. To migrate over the granula-
tion tissue, keratinocytes use β1 integrins, which interact with 
fibrinogen, fibronectin, and collagens abundant in the provi-
sional extracellular matrix. The cells further back from the epi-
dermal leading edge deposit laminin-332 into the provisional 
extracellular matrix and switch to expression of integrin α6β4. 
The laminin-332/integrin α6β4 interaction is believed to support 
directed migration of keratinocytes (8), since integrin α6β4 regu-
lates front-rear polarity of keratinocytes through activation of Rac 
(9–11). Laminin-332/integrin α6β4 interaction is also required for 
reassembly of the DEJZ, reformation of hemidesmosomes, and 
stable epidermis (8, 12).

Beyond the integrin-laminin interactions, another function-
ally important adhesion molecule of the DEJZ is collagen VII 
(COL7A1) (13). It is synthesized and secreted by both epidermal 
keratinocytes and dermal fibroblasts and undergoes a multistep 
process of proteolytic maturation and supramolecular assembly 
to form anchoring fibrils, which secure strong attachment of 
the epidermis to the underlying dermis (14). Abnormalities of 
the anchoring fibrils are associated with dystrophic EB, a form 
of skin fragility in which blisters and wounds heal with scarring 
(15–17). Its most severe form — generalized recessive dystrophic 
EB (RDEB), resulting from complete absence of COL7A1 — pres-
ents with repeated blistering, wounding, and soft tissue fibrosis 
leading to disabling deformities (17, 18). A feared complication of 
RDEB is squamous cell carcinoma, which arises at an early age in 
trauma-prone skin areas (15, 16). Although clinical observations 
suggest that wound closure is impaired in RDEB (19–21), no study 
thus far has addressed the role of COL7A1 in wound healing.

Here, we used 2 different genetic RDEB mouse models to assess 
the role of COL7A1 in wound healing. In order to validate the find-
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ings in the previously described Col7a1-hypomorphic mouse (22), 
an inducible Col7a1 knockout mouse was generated. The hypo-
morph has about 10% of physiological levels of wild-type COL7A1, 
and it replicates all major characteristics of human RDEB (22). The 
mouse model with tamoxifen-inducible Col7a1 knockout lacks 
COL7A1 expression in the healing wounds, but has no chronic 
disease manifestations in the skin or other organs. Our findings 
revealed an instrumental role of COL7A1 for both wound re- 
epithelialization and maturation of the granulation tissue.

Results
Loss of COL7A1 delays re-epithelialization. We sought to delineate the 
role of COL7A1 in acute skin wound healing, and first found that 
COL7A1 was present at the provisional DEJZ in early wounds in 
normal skin (Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI68127DS1). Subse-
quently, wound healing was analyzed in 2 different COL7A1-defi-
cient mouse models: the Col7a1-hypomorphic mouse and a mouse 
with tamoxifen-inducible Col7a1 knockout.

During the first 2 days, healing of round, full-thickness wounds 
showed no differences between wild-type and Col7a1-hypomorph-
ic mice. However, between days 3 and 9, Col7a1-hypomorphic 
wounds exhibited significantly delayed closure (Figure 1, A and B).  
The timing suggested perturbed re-epithelialization, and histo-
morphological analysis revealed clearly shorter epithelial tongues 
in Col7a1-hypomorphic wounds (Figure 2A). At day 3, the epithe-
lial coverage was 17.8% ± 3.0% in Col7a1-hypomorphic wounds 
versus 30.2% ± 3.8% in wild-type wounds (Figure 2B). At day 7, 
the epithelial coverage was 87.2% ± 1.5% in COL7A1-deficient 

skin versus 100% ± 0% in wild-type skin (Figure 2, A and B).  
The total distance migrated by Col7a1-hypomorphic keratino-
cytes was significantly reduced (Figure 2B), which indicates that 
the wounds were not larger, but indeed healed slower. Although 
the Col7a1-hypomorphic wounds finally closed, restoration of 
skin integrity was not adequate, and friction-induced epidermal 
separation still occurred readily at day 16 (Figure 2C). This is 
explained at least in part by electron microscopic findings of pau-
city or absence of anchoring fibrils in Col7a1-hypomorphic skin 
(22). Quantitative assessment of the images revealed significantly 
reduced width of the dermal-epidermal lamina densa, the layer 
where COL7A1 is anchored, but no obvious changes of the lamina 
lucida (Supplemental Figure 2).

Because keratinocytes proliferate to achieve epithelial coverage 
of larger wounds, it is possible that the difference seen in re-epi-
thelialization was due to increased proliferation. However, this was 
not the case in COL7A1-deficient wounds, as shown by staining 
with antibodies against the proliferation marker Ki-67 (Supple-
mental Figure 3). Thus, loss of COL7A1 delays re-epithelialization 
by altering keratinocyte migration.

Validation of delayed wound healing in an inducible Col7a1 knockout 
model. To confirm that the altered wound healing observed in the 
Col7a1-hypomorphic mice was caused by loss of COL7A1, not by 
other systemic effects, we generated a tamoxifen-inducible Col7a1 
knockout model (Supplemental Figure 4) and subjected the mice 
to tamoxifen treatment 2 weeks prior to wounding. This led to 
complete abrogation of COL7A1 expression in both epidermis 
and dermis in the healing wounds (Supplemental Figure 5A). For 
these experiments, littermates lacking the Cre box and treated 

Figure 1
Delayed wound closure in Col7a1-
hypomorphic mice. (A) Closure of 6-mm 
punch biopsy wounds on the back skin of 
wild-type and Col7a1-hypomorphic mice 
over time. Scale bar: 2 mm. (B) Quanti-
fication of the wound area showed sig-
nificantly delayed gross wound closure 
between days 3 and 9. n = 14 wounds 
per group; values represent mean ± SD. 
*P < 0.05; ***P < 0.001.
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with tamoxifen served as controls. Mice with tamoxifen-induced 
Col7a1 knockout displayed significant retardation of wound clo-
sure between days 3 and 9 (Supplemental Figure 5, B and C), and 
quantification of re-epithelialization showed that induced loss 
of COL7A1 protracted epithelial coverage. At day 3, the epithe-
lial coverage was 18.2% ± 10.8% in COL7A1-deficient wounds ver-
sus 30.1% ± 7.1% in control wounds (Supplemental Figure 5D). 
Importantly, there was no significant difference in wound healing 
between the 2 COL7A1-deficient models (Supplemental Figure 6). 
These observations validated our findings in Col7a1-hypomorph-
ic mice and demonstrated that the delay in wound closure was 
caused by loss of COL7A1 and did not represent a secondary effect.

Altered distribution of laminin-332 and integrin α6β4 in COL7A1-defi-
cient wounds. To clarify how loss of COL7A1 impeded re-epitheli-
alization, we assessed the expression pattern of its major ligand, 
laminin-332, in 7-day-old wounds. Absence of COL7A1 altered 
laminin-332 deposition, as shown by an irregular, broad, and 
patchy laminin-332 immunofluorescence signal at the DEJZ in 
Col7a1-hypomorphic skin, in contrast to the distinct linear stain-
ing in wild-type wounds (Figure 3A). The alterations were most 
evident in areas that had just undergone, or were about to under-
go, fusion of the epidermal tongues (Figure 3A).

Expression of integrin α3β1, the principal laminin-332 receptor 
on migrating keratinocytes, was unchanged (Figure 3A and data 
not shown). However, the other major laminin-binding integrin 
on keratinocytes, integrin α6β4, displayed a strikingly broad and 
suprabasal expression pattern in Col7a1-hypomorphic mice (Fig-
ure 3A). Altered distribution of laminin-332 and integrin α6β4 
was also observed in areas of active keratinocyte migration (Fig-

ure 3, B and C), and suprabasal integrin α6β4 expression persisted 
after completion of re-epithelialization (Figure 3C). Wounds in 
the inducible Col7a1 knockout mouse corroborated these find-
ings (Supplemental Figure 7), validating the causal link between 
COL7A1 deficiency and aberrant expression of laminin-332 and 
integrin α6β4. Taken together, these results indicate that loss of 
COL7A1 affects the organization of laminin-332 at the DEJZ, 
which in turn perturbs the spatially restricted expression of integ-
rin α6β4 in regenerating epidermis.

Loss of COL7A1 perturbs the laminin-332/integrin α6β4 signaling 
axis. To assess the consequences for keratinocyte signaling, we 
investigated 2 downstream components of the laminin-332/
integrin α6β4 signaling axis, JNK and STAT3. Upon activation 
of integrin α6β4, these factors become phosphorylated in the 
cytosol and translocate to the nucleus (23, 24). Accordingly, in 
wild-type wounds, nuclear expression of JNK and STAT3 was 
observed in basal cells of the leading wound edge, but in Col7a1-
hypomorphic wounds, suprabasal keratinocytes at the wound 
edge displayed significantly increased nuclear STAT3 and JNK 
(Figure 4A). These changes persisted in more mature, fully re-
epithelialized wounds (Figure 4B).

In vitro, keratinocytes derived from Col7a1-hypomorphic mice 
closed scratch wounds slightly, but significantly slower than wild-
type keratinocytes (Figure 5A). The difference in migration became 
evident after 8 hours, when sufficient time had lapsed for the cells 
to synthesize and deposit COL7A1. Western blot analysis revealed 
an approximately 2-fold increase of the integrin β4 subunit in 
Col7a1-hypomorphic keratinocytes (Figure 5B), and quantification 
of immunofluorescence staining of integrin β4 in basal keratino-

Figure 2
Loss of Col7a1 delays re-epithelialization. (A) H&E staining of wounds in wild-type and Col7a1-hypomorphic mice at days 3, 7, and 16. Arrows 
indicate wound width (black arrows, initial wound border; red arrows, epithelial front). The original wound size was similar, but re-epithelialization 
was clearly protracted in Col7a1-hypomorphic wounds. Scale bar: 500 μm. (B) Quantification of percent re-epithelialization (left) and migration 
distance of the epithelial tongue (right). COL7A1 loss caused a significant delay in re-epithelialization. n ≥ 3 wounds; values represent mean ± SD. 
*P < 0.05. (C) Wounds after 16 days stained with H&E; note the detached epidermis in the Col7a1-hypomorphic wound (double-headed arrow). 
Note also the changes in the granulation tissue (see also Figure 6 and Supplemental Figure 12). Scale bar: 100 μm.
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cytes in 7-day-old wounds supported this observation (Supple-
mental Figure 8). Furthermore, the downstream targets of integrin 
α6β4, JNK2 and AKT, were significantly more phosphorylated in 
Col7a1-hypomorphic keratinocytes (Figure 5, C and D), indicative 
of perturbed integrin α6β4 signaling.

Keratinocytes from inducible Col7a1 knockout mice were divid-
ed into 2 pools: in the first pool, Col7a1 knockout was induced by 
4-OH tamoxifen treatment, while the second pool received only 
DMSO vehicle. After verification of efficient Col7a1 knockout 
(Supplemental Figure 4, B and C), cells were harvested for analysis 
of integrin α6β4 signaling. Forced COL7A1 loss resulted in acti-
vation of JNK2 and AKT (Figure 5E and Supplemental Figure 9), 
corroborating our findings in Col7a1-hypomorphic keratinocytes 
that COL7A1 regulates laminin-332/integrin α6β4 signaling.

Although 2-dimensional cell culture does not allow assembly of 
complex structures such as the DEJZ, there are indications that 
COL7A1 is important for laminin-332 organization in this system 
(25). In the present study, loss of COL7A1 in Col7a1-hypomorphic 
keratinocytes and in conditional keratinocytes after 4-OH tamox-
ifen treatment resulted in a remarkable pericellular accumulation 
of laminin-332 (Figure 5F), although synthesis of laminin-332 
was not increased (Figure 5E and Supplemental Figure 10). Inter-
estingly, the aberrant laminin-332 deposition and activation of 
the laminin-332/integrin α6β4 signaling axis in COL7A1-defi-
cient keratinocytes could be normalized by addition of recombi-
nant COL7A1 (Supplemental Figure 11). Thus, the data clearly 
demonstrated that loss of COL7A1 leads to aberrant laminin-332 

organization by epidermal keratinocytes and consequently modu-
lates integrin α6β4 signaling. This is likely the underlying cause 
of the altered migration of COL7A1-deficient keratinocytes  
in vitro and in vivo.

COL7A1 influences dermal fibroblast functions during wound closure. 
Since COL7A1 is synthesized by both keratinocytes and dermal 
fibroblasts, it is plausible that its loss would affect granulation 
tissue formation in injured dermis. At day 7 after wounding, it was 
apparent that this was the case: Col7a1-hypomorphic mice exhib-
ited both abnormal localization of myofibroblasts and prolonged 
presence of inflammatory cells (Figure 6), indicative of delayed 
granulation tissue and wound maturation. In wild-type wounds, 
α-SMA–positive myofibroblasts were localized in the center of the 
granulation tissue, whereas in Col7a1-hypomorphic wounds, they 
remained at the wound edges 2 days longer (Figure 6A). Quantifi-
cation of total CD11b cell count, α-SMA–positive area, and granu-
lation tissue thickness during wound healing clearly supported the 
observation of protracted dermal healing (Supplemental Figure 
12, A–C). Similarly, in the inducible mouse model, myofibroblast 
maturation in the granulation tissue was delayed; at day 7 after 
wounding, the α-SMA–positive myofibroblasts were preferentially 
present at the wound rim, not condensed toward the middle, as 
seen in wild-type wounds (Supplemental Figure 5E).

The next question was whether COL7A1 exerts a direct, kera-
tinocyte-independent effect on fibroblasts during wound heal-
ing. Interestingly, the granulation tissue in wild-type wounds 
contained COL7A1 deposits, which were absent in Col7a1-hypo-

Figure 3
Loss of COL7A1 alters laminin-332 deposition and integrin α6β4 distribution in healing epidermis. (A) 7-day wounds stained for laminin-332 and 
its integrin receptors. Laminin-332 deposition and integrin α6β4 distribution was altered in Col7a1-hypomorphic wounds. Asterisks show auto-
fluorescence from red blood cells trapped in capillaries; arrows point to integrin β1 at the DEJZ. Scale bar: 100 μm. (B) Epidermal tongue in 3-day 
wounds stained for laminin-332 (red) and the laminin α5 chain (green). Laminin-332 deposition was irregular and patchy in Col7a1-hypomorphic 
wounds (arrows), in contrast to the distinct linear signal of the laminin α5 chain. Scale bar: 50 μm. (C) 3- and 16-day-old wounds stained for inte-
grin α6. Arrows indicate the patchy suprabasal integrin α6 expression in 16-day-old Col7a1-hypomorpic wounds. Scale bar: 50 μm.
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morphic mice (Figure 7A). Since fibroblast migration is critical for 
formation of granulation tissue, fibroblasts isolated from wild-
type and Col7a1-hypomorphic skin were subjected to wound clo-
sure scratch assays in vitro. Within 24 hours, wild-type fibroblasts 
closed the scratch wounds completely, but Col7a1-hypomorphic 
cells did that only to about 80% (Figure 7B), arguing for a support-
ive role of COL7A1 in fibroblast migration during wound healing.

In order to assess the signaling mechanisms leading to delayed 
granulation tissue formation, we serum-stimulated starved der-
mal fibroblasts, an experimental setup that has previously been 
shown to replicate gene expression changes during wound healing 
(26). Notable changes in Tgfb1 and Fgf2 expression were observed 
in Col7a1-hypomorphic fibroblasts: Tgfb1 expression was increased 
4.7-fold, and Fgf2 expression was reduced 6.3-fold (Figure 7C). 
Importantly, Tgfb1 expression was not altered in COL7A1-deficient 
keratinocytes (Supplemental Figure 13). Immunofluorescence 
staining demonstrated that TGF-β1 protein was increased in the 
granulation tissue in healing wounds in Col7a1-hypomorphic mice 
compared with wild-type controls (data not shown), and TGF-β 
signaling was activated, as seen by increased SMAD2 phosphoryla-
tion (Figure 7D). Since TGF-β signaling via SMADs potently stim-
ulates collagen I production (27), we also investigated collagen I 
deposition in the granulation tissue. Interestingly, the granulation 
tissue of 7-day-old Col7a1-hypomorphic wounds contained signifi-

cantly elevated levels of collagen I (Supplemental Figure 12, D and 
E). These data clearly indicate that loss of COL7A1 from the heal-
ing dermis causes abnormal TGF-β activation.

To test the possibility that COL7A1 directly influences fibro-
blast gene expression, Col7a1-hypomorphic fibroblasts were cul-
tured on plates coated with collagen I, alone or in combination 
with recombinant COL7A1. In this system, addition of exogenous 
COL7A1 reverted the altered expression of Tgfb1 and Fgf2 (Figure 
7E). Thus, we conclude that COL7A1 within the granulation tis-
sue has a specific function in supporting migration of fibroblasts 
and regulating their cytokine production during wound healing.

Human RDEB wounds display altered laminin-332 deposition and inte-
grin α6β4 expression. To validate the above findings in a human set-
ting, we analyzed fresh surgical wounds, wound margins of chronic 
wounds, and wounds from RDEB patients. We focused on altered 
epidermal expression of laminin-332 and integrin α6β4, since 
healing through contraction plays a lesser role in human skin than 
in rodent skin (1), and since the granulation tissue phenotype is 
transient and not targetable in spontaneous wounds of patients. 
Fresh wounds showed linear deposition of laminin-332, exhibited 
basal expression of integrin α6, and were positive for COL7A1 at 
the healing DEJZ (Figure 8A). In contrast, COL7A1-negative RDEB 
wounds displayed disorganized laminin-332 deposition, with dense 
deposits alternating with laminin-332–sparse regions, and disor-

Figure 4
Abnormal activation of the laminin-332/integrin α6β4 
signaling axis in Col7a1-hypomorphic wound epider-
mis. (A) Epidermal tongue of 3-day-old wild-type and 
Col7a1-hypomorphic wounds stained for integrin β4, 
JNK, and phospho-STAT3. Note the abundant supra-
basal presence of nuclear JNK and phospho-STAT3 
in Col7a1-hypomorphic wounds (arrows), indicative 
of suprabasal activation. Quantification of staining 
is also shown (n ≥ 3; values represent mean ± SD).  
*P < 0.05. Scale bar: 50 μm. (B) Middle area of 7-day-
old wild-type and Col7a1-hypomorphic wounds 
stained for integrin β4 (red), JNK (green), and phos-
pho-STAT3 (green). Suprabasal activation persisted in 
older Col7a1-hypomorphic wounds. Scale bar: 50 μm.
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ganized suprabasal expression of integrin α6 (Figure 8A). Chronic 
wounds displayed similarities to RDEB wounds, with disorganized 
laminin-332 and integrin α6; importantly, these wounds also 
showed reduction or loss in COL7A1 under the healing epidermis.

To investigate whether human wounds also show activation of 
downstream targets of laminin-332/integrin α6β4 signaling, in 
agreement with our findings in mice, we analyzed them for JNK 
and STAT3 phosphorylation. In fresh wounds, similar to wild-

Figure 5
Mechanisms of delayed wound closure in Col7a1-hypomorphic keratinocytes. (A) In in vitro assays, wound closure by keratinocytes was 
assessed at 8, 20, and 24 hours. At 20 and 24 hours, Col7a1-hypomorphic keratinocytes closed wounds at a reduced rate. n = 6; values rep-
resent mean ± SEM. *P < 0.05. (B–D) Western blotting of wild-type and Col7a1-hypomorphic keratinocyte protein lysates revealed increased 
expression of integrin β4 subunit (B) and increased phosphorylation of Ser473 AKT (C) and JNK2 (D) in cultured Col7a1-hypomorphic keratino-
cytes. Densitometric quantification of keratinocyte isolations is also shown. n ≥ 3; values represent mean ± SD. *P < 0.05; **P < 0.01. (E) Western 
blots on cell lysates from tamoxifen-induced Col7a1 knockout mouse keratinocytes. Keratinocytes from the same isolation were divided into  
2 pools: one was treated with 4-OH tamoxifen to induce Col7a1 knockout, the other received only DMSO and served as control. The changes in 
Col7a1-hypomorphic keratinocytes were replicated in keratinocytes after forced COL7A1 loss. Loss of COL7A1 did not affect expression of lam-
inin-332 (LM-β3/γ2; representing the laminin β3 and γ2 chains of laminin-332), but increased expression of integrin β4 and phosphorylation of 
Ser473 AKT and JNK2. Total AKT and GAPDH were used to ensure equal loading. (F) Altered Laminin-332 organization in Col7a1-hypomorphic 
keratinocytes. Primary keratinocytes of the indicated genotypes and treatments were cultured for 24 hours in the presence of ascorbate and 
stained for COL7A1 (red) and laminin-332 (green). Original magnification, ×400. Tam, tamoxifen.
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type mouse wounds, JNK and STAT3 phosphorylation was mainly 
restricted to basal keratinocytes in the healing epidermis (Figure 
8B). However, both RDEB and chronic wounds showed strong 
and abundant suprabasal JNK and STAT3 activation (Figure 8B). 
These findings in human wounds mirrored the situation in our 
RDEB mouse models and validated the delayed re-epithelializa-
tion in human RDEB skin. In addition, they implicate COL7A1 
as an important modulator of healing of other chronic wounds.

Discussion
Here, we demonstrated that COL7A1 is not only vital for main-
taining skin integrity, but is also a critical player in skin wound 
closure. Loss of COL7A1 compromises wound repair by 2 separate, 
yet interconnected events: delayed re-epithelialization by epider-
mal keratinocytes and perturbed granulation tissue maturation 
by dermal fibroblasts.

Previous in vitro models have delivered contradictory find-
ings relating to the role of COL7A1 in keratinocyte migration. 
COL7A1 has been found to directly support keratinocyte migra-
tion (28), but another model using epithelial cancer cell lines sug-
gested an inhibitory role (29). In the present study, abrogation of 
COL7A1 significantly slowed scratch wound closure by primary 
keratinocytes (Figure 5A), which strongly indicates that COL7A1 
supports keratinocyte migration.

In vivo, in a COL7A1-deficient environment, wound keratino-
cytes altered their integrin α6β4 expression and deposition of lam-
inin-332 into the provisional extracellular matrix laid out under the 

migrating cell front. Both phenomena contributed to protracted 
re-epithelialization of COL7A1-deficient skin wounds, but aber-
rant laminin-332 organization is likely to be the main cause. Lam-
inin-332 is commonly believed to be a promoter of epithelializa-
tion during wound healing (30–32), despite some controversy in 
the literature (33, 34). Here, we found that irregular deposition of 
laminin-332 was associated with delayed migration of the epider-
mal tongues in the absence of COL7A1 in vivo, which indicates that 
not the sheer presence of laminin-332, but its assembly and deposi-
tion, play a functional role. This is congruent with a recent obser-
vation that the polymerization status of laminin-332 is important 
for determining its effect on keratinocytes (35). Purified nonpo-
lymerized laminin-332 readily promoted keratinocyte migration, 
whereas polymerized laminin-332 matrices inhibited migration by 
supporting integrin α3β1 adhesion and integrin α6β4–dependent 
hemidesmosome formation (34).

Abnormal laminin-332 organization in COL7A1-deficient 
wounds can be accounted for by 2 events. First, COL7A1 — with its 
strong affinity for laminin-332 — is important for establishing cor-
rect laminin-332 architecture at the DEJZ (25), which determines 
interactions with extracellular ligands and cell surface receptors 
and, ultimately, cell-signaling activities. Second, the laminin-332 
receptor integrin α6β4 is important for regulating laminin-332 
deposition in a process that involves Rac-1 activation (9). Kerati-
nocytes lacking the integrin β4 subunit lay out laminin-332 in an 
abnormal circular fashion, which affects cell movement in vitro 
(9). Since COL7A1-deficient wound epidermis displays increased 

Figure 6
Granulation tissue maturation and clearance of inflammatory cells are delayed in Col7a1-hypomorphic wounds. (A) α-SMA staining (red) showed 
few myofibroblasts at the wound edge at day 3 in both wild-type and Col7a1-hypomorphic mice. At day 7, myofibroblasts were abundant in the 
middle of the wild-type wound, but remained in the periphery of the Col7a1-hypomorphic wound. Dashed outlines denote the dense myofibroblast 
regions. Myofibroblast organization in the day 9 Col7a1-hypomorphic wound was similar to that of 7-day wild-type wounds, with myofibroblasts 
localized in the upper central part of the granulation tissue. At day 16 after wounding, most myofibroblasts had disappeared in both mice. Nuclei 
were stained with DAPI (blue). Scale bars: 100 μm. (B) CD11b staining (green) revealed protracted clearance of inflammatory cells in Col7a1-
hypomophic wounds. At day 3, inflammatory cells were at the wound edge in both wild-type and Col7a1-hypomorphic mice. At day 7, inflammatory 
cells were mainly seen in the middle of the wound in both mice. At day 16, CD11b-positive cells were cleared from the wound area in wild-type 
mice, but not in Col7a1-hypomorphic mice. Nuclei were stained with DAPI (blue). Scale bar: 100 μm. See Supplemental Figure 12 for quantifica-
tion of granulation tissue changes.
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Figure 7
COL7A1 affects dermal fibroblasts during wound healing. (A) Granulation tissue in 7- and 16-day wounds in wild-type and Col7a1-hypomorphic 
mice stained for COL7A1 (green). Note the presence of COL7A1 aggregates (arrows) within the healing dermis in wild-type mice. Scale bar: 50 
μm. (B) In vitro scratch wound assay. Col7a1-hypomorphic fibroblasts closed the scratch wound significantly slower than did wild-type cells. n = 7. 
(C) Serum-response assay, which replicates fibroblast signaling events during wound healing (26). Dermal fibroblasts were starved in 0.1% FCS 
for 48 hours, stimulated with 10% serum for 5 hours, and analyzed for gene expression. Tgfb1 and Fgf2 mRNA expression were normalized to 
Gapdh and a nonstimulated control. Serum stimulation substantially increased Tgfb1 mRNA expression, but reduced Fgf2 expression, in Col7a1-
hypomorphic compared with wild-type fibroblasts. n = 5. (D) P-SMAD2 staining (green) of granulation tissue in day-7 wounds confirmed increased 
activation of TGF-β1 signaling in the Col7a1-hypomorphic wound. Nuclei were visualized with DAPI (blue). Scale bar: 20 μm. (E) Supplementation 
of recombinant COL7A1 to Col7a1-hypomorphic fibroblasts normalized Tgfb1 and Fgf2 expression. Dermal fibroblasts were grown on 1.5 μg 
collagen I (CI), with or without 1.5 μg/well recombinant COL7A1, until they reached confluence, then serum-starved for 48 hours and stimulated 
with 10% FCS for 5 hours. mRNA expression was analyzed as in C. n ≥ 4. All values represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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and broadened integrin α6β4 distribution, it is con-
ceivable that this contributes to the altered lam-
inin-332 organization.

Depending on the biological context, integrin α6β4 
can be both a driver and an inhibitor of cell migration, 
at least in vitro (24, 36, 37). Interestingly, in in vitro 
migration assays, we observed subtle differences in 
migration behavior between wild-type and COL7A1-
deficient keratinocytes. In wild-type wounds, single 
cells were observed migrating ahead of the collective 
front. This was not found in Col7a1-hypomorphic 
wounds, where strict collective migration was seen 
(data not shown). In light of these observations, it 
is interesting that integrin α6β4 has been suggested 
to delay haptotaxis by activating E-cadherin, leading 
to tighter cell-cell contacts (38). Our observations of 
altered migration behavior in integrin α6β4–over-
expressing COL7A1-deficient keratinocytes support 
these studies. However, caution must be taken since 
the in vivo situation is much more complex; it is pos-
sible that in COL7A1-deficient wounds, aberrant epi-
dermal integrin α6β4 expression does not primarily 
influence keratinocyte migration, but has other con-
sequences for RDEB skin, for example, priming it for 
malignant transformation (39).

In the dermal compartment, loss of COL7A1 led to 
protracted maturation of granulation tissue, includ-
ing lingering maturation of myofibroblasts and slower 
clearance of inflammatory cells. In vitro, Col7a1-hypo-
morphic fibroblasts closed scratch wounds signifi-
cantly slower (Figure 7B). These observations are in 
line with the prior demonstration that COL7A1 sup-
ports adhesion of dermal fibroblasts through the col-

Figure 8
Human RDEB and other chronic wounds display similar 
molecular alterations. Wound biopsies were obtained 
from fresh wounds 3 days after primary excision (Acute 
wound), from the wound margins of nonhealing chronic 
venous ulcers, and from wounds of RDEB patients. (A) 
Wounds were stained for laminin-332 (red) and integ-
rin α6 (green) or for COL7A1 (red). Yellow arrowheads 
denote the end of the epithelial front in the acute wound. 
For chronic and RDEB wounds, the epithelial front in the 
wound margin is shown. Acute wounds showed linear 
deposition of laminin-332 and regular, primarily basal, 
expression of integrin α6, whereas in chronic and RDEB 
wounds, laminin-332 deposition was irregular and integrin 
α6 expression suprabasal (white arrows). Importantly, in 
acute wounds, COL7A1 was distinctly present under the 
healing epidermis, whereas it was irregular and drastically 
reduced in chronic wounds. Nuclei were visualized with 
DAPI (blue). Scale bar: 50 μm. (B) Epidermal tongues 
in wound margins stained for phospho-JNK (green) or 
phospho-STAT3 (green). Nuclei were counterstained with 
DAPI (blue). Red lines denote the epidermal-dermal inter-
face. In acute wounds, phospho-JNK and phospho-STAT3 
staining was weak and mainly seen in basal keratinocytes, 
whereas both chronic and RDEB wounds showed strong 
phospho-JNK and phospho-STAT3 staining in suprabasal 
keratinocytes. Scale bar: 50 μm.
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488– and Alexa Fluor 568–conjugated goat anti-rat IgG (Invitrogen), HRP-
conjugated goat anti-mouse and anti-rabbit (Jackson Immuno Research 
Laboratories Inc.). Rat tail collagen I was obtained from BD Biosciences, 
and human recombinant COL7A1 was produced and purified using an 
inserted FLAG tag at the N-terminus, as previously described (52).

Transgenic mice. Mice were housed in the pathogen-free facility at the 
University of Freiburg and given food and water ad libitum; in addition, 
Col7a1-hypomorphic mice were provided with a soft food diet for extra sup-
port, as previously described (22). See Supplemental Methods for details.

Electron microscopy. Electron microscopic analysis of the skin has been 
described previously (22). Briefly, adult wild-type or Col7a1-hypomorphic 
littermates were shaved, after which skin was harvested, cut out, and fixed 
in 4% paraformaldehyde and 2% glutaraldehyde. After fixation, the skin 
was washed in 0.1 M cacodylate buffer, followed by incubation in 1% osmi-
um tetroxide solution. Samples were dehydrated in ethanol and propylene 
oxide and embedded in epoxide resin. Sections were cut and mounted on 
microscopy grids and stained with 5% uranyl acetate and Reynold’s solu-
tion. Quantification of lamina lucida and densa of randomly selected areas 
was performed using Image J software (NIH).

Assessment of wound healing. The mice used for the wound-healing studies 
were 4- to 6-week-old Col7a1-hypomorphic mice and their wild-type lit-
termates. The backs of the mice were shaved and sterilized, and wound-
ing was performed under isoflurane anaesthesia. 2 full-thickness wounds 
per mouse were created by punching a 6-mm biopsy tool (Pfm medical) 
through a skin fold on the mid-back; the wounds were thus positioned 
at a place with limited accessibility for hindpaws, forepaws, and mouth 
to avoid secondary traumatization of the healing wounds by scratching 
or biting. Use of protective wound dressings was not possible, since daily 
dressing removal and changing damages the fragile skin of the Col7a1-defi-
cient mice. Instead, mice were kept in individual cages after wounding and 
monitored every day for rewounding. Wounds were photographed with a 
Canon power shot S3IS camera (Canon) directly after infliction, the fol-
lowing day, and then every other day until sacrifice. Photos were captured 
in a standardized way, with sticky rulers used for reference. Gross wound 
closure was quantified by Image J (NIH), and wound healing was expressed 
as the percentage of the original wound area that had healed, calculated as  
(1 — [wound area day x/wound area day 0]) × 100. After sacrifice, the wound 
tissue was carefully dissected and fixed in formalin for histopathological 
analysis or embedded in Tissue-Tek OCT compound (Sakura) and snap 
frozen for immunofluorescence analysis. Re-epithelialization was deter-
mined by H&E staining of serial sections from the middle of the wounds; 
images were acquired using an Axiocam MRm camera attached to a Zeiss 
Axio Imager A1 microscope (Carl Zeiss). Percent re-epithelialization and 
migration distance of the epithelial tongue were quantified with Image J. 
Elastica van Gieson staining was performed as described previously (22).

Isolation and culture of murine keratinocytes and fibroblasts. Keratinocytes 
and fibroblasts were isolated from newborn mice and cultured as previ-
ously described (53, 54).

For induction of Col7a1 knockout, keratinocytes and fibroblasts were 
treated with 1 μM 4-OH tamoxifen (Sigma-Aldrich) dissolved in DMSO 
(Sigma-Aldrich); DMSO-treated cells from the same animal and extraction 
served as control. In all cell-based experiments, 50 μg/ml ascorbic acid was 
added fresh every day to ensure proper triple-helical folding of collagens.

Keratinocytes used for cell signaling studies were seeded and grown to 
subconfluence for 24–48 hours before protein extraction or harvesting 
of cell medium. For rescue experiments, 12-well plates or coverslips were 
coated with 15 μg/ml recombinant human COL7A1 in 0.02 N-acetic acid 
at +4°C, before neutralizing with PBS and seeding of cells.

Western blotting. Proteins were extracted from cultured cells with either 
RIPA buffer (50 mM Tris–HCl, pH 7.4; 150 mM NaCl; 1% NP-40; 0.5% 

lagen receptor integrin α2β1 (40, 41). Since integrin α2β1 also 
drives cell migration on many other collagens (42), it is likely to 
sustain migration also on COL7A1. Therefore, we conclude that 
the delayed fibroblast migration and delayed granulation tissue 
formation in the Col7a1-hypomorphic mouse are direct conse-
quences of COL7A1 loss.

The altered cytokine profiles in Col7a1-hypomorphic fibroblasts 
were reverted by exogenous COL7A1 (Figure 7E), which indicates 
that COL7A1 modulates signaling in fibroblasts, in line with a 
recent study using gene expression arrays (43). Most importantly, 
loss of COL7A1 led to increased production of TGF-β1, which 
stimulates synthesis of extracellular matrix and scarring in RDEB 
(43–45). TGF-β signaling and tissue stiffness drive myofibro-
blast differentiation (46–48). The delay in myofibroblast matu-
ration in COL7A1-deficient wounds emphasizes the importance 
of COL7A1 for fibroblast migration, but also shows that lack of 
COL7A1 results first in a softer provisional dermal matrix that 
does not support TGF-β activation and myofibroblast develop-
ment (46), and later, as a consequence of repeated wounding in 
RDEB, in TGF-β1–mediated stimulation of extracellular matrix 
synthesis and soft tissue fibrosis (49).

The persistence of macrophages and neutrophils in the healing 
COL7A1-deficient dermis can also be explained by continuously 
high levels of TGF-β1, which attracts neutrophils, macrophages, 
and fibroblasts (4). Its continuous presence thus hampers resolu-
tion of inflammation.

A common downstream connector for the effects on wound 
keratinocytes and fibroblasts upon loss of COL7A1 is the secreted 
actin-remodeling protein Flightless I (Flii). Flii is upregulated in 
wounds (50) and in Col7a1-hypomorphic skin (51), and its overex-
pression slows healing of skin wounds by altering both re-epitheli-
alization and wound contraction (50). In addition, Flii overexpres-
sion stimulates TGF-β1 production (51). However, it is important 
to note that the primary cause of the reduced wound healing of 
COL7A1-deficient skin lies in loss of COL7A1 and perturbed sig-
naling by the microenvironment; aberrant Flii expression is one 
consequence of the faulty matrix.

In conclusion, COL7A1 is pivotal for both epidermal re-epitheli-
alization and dermal granulation tissue development during clo-
sure of skin wounds. Loss of COL7A1 negatively affects both pro-
cesses and results in distinct molecular changes that explain the 
immediate pathology of RDEB wounds as well as the long-term 
complications of the disorder and other chronic wounds.

Methods
Antibodies and proteins. The following antibodies were used: mouse anti-
GAPDH (Millipore), rabbit anti–COL7A1 (Millipore), mouse anti–β-actin 
(Sigma-Aldrich), rabbit anti-tubulin (Abcam), rat anti–integrin α6 (GoH3) 
(Progen), rat anti–integrin β1 (BD Biosciences), rat anti–integrin β4 (BD 
Biosciences), rabbit anti–integrin β4 (Santa Cruz Biotechnology), mouse 
anti–active JNK1 and JNK2, rabbit anti-JNK (Abcam), rabbit anti–phos-
pho–Tyr705 STAT3 (Cell Signaling Technology), mouse anti-AKT (Santa 
Cruz Biotechnology), rabbit anti–phospho–Ser473 AKT (Cell Signaling 
Technology), rat anti–Ki-67 (Dako), Cy3-conjugated mouse anti–α-SMA 
(Sigma-Aldrich), rat anti-CD11b (BD Biosciences), rabbit anti-mouse col-
lagen I (Acris), rabbit anti–laminin-332 (gift from K. Yancey, University of 
Texas Southwestern, Dallas, Texas, USA), rabbit anti–pan-laminin (Pro-
gen), and rat anti–laminin α5 (gift from L. Sorokin, Muenster University, 
Muenster, Germany). Secondary antibodies were Alexa Fluor 488– and 
Alexa Fluor 594–conjugated goat anti-rabbit IgG (Invitrogen), Alexa Fluor 
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Fibroblast serum-response assay. Fibroblast serum-response experiments 
were performed as described previously (26), with minor modifications. 
Briefly, murine fibroblasts in passage 2 were seeded in 6-well plates (Nunc) 
with DMEM/F12 and 10% FCS and allowed to attach overnight. Next, cells 
were washed with D-PBS and starved with 0.1% DMEM/F12 for 48 hours. 
Cells were subsequently stimulated for 5 hours with either 10% FCS or 0.1% 
FCS, and RNA was isolated. For “rescue” experiments, the wells of a 24-well 
plate (Nunc) were coated with 100 μl of 15 μg/ml rat tail collagen I in 0.02 
N-acetic acid or with 100 μl of a mixture of 15 μg/ml recombinant human 
COL7A1 and 15 μg/ml rat tail collagen I in 0.02 N-acetic acid.

Human skin specimens. Biopsy specimens of acute wounds were derived 
from re-excision of wound margins 3 days after primary excision of a skin 
lesion. Chronic wound specimens were from diagnostic biopsies from the 
wound margins of nonhealing leg ulcers due to chronic venous insufficiency.  
RDEB wound biopsy specimens were obtained from COL7A1-deficient 
patients with severe generalized RDEB.

Statistics. Statistical analysis was performed with GraphPad Prism 5.03 soft-
ware (GraphPad Software) using unpaired or paired 2-tailed Student’s t test as 
appropriate. A P value less than 0.05 was considered statistically significant.

Study approval. All animal experiments were approved by the regional 
review board (Regierungspräsidium Freiburg, Freiburg, Germany; approval 
no. 35/9185.81/G09-80). Studies using patient material were approved by 
the Ethics Committee of the University of Freiburg (approval no. G09/080) 
and conducted according to the Declaration of Helsinki. Patients provided 
informed consent prior to their participation.

Further information can be found in the article supplement (55, 56).
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sodium deoxycholate; 0.05% SDS; with protease and phosphatase inhibi-
tors, Sigma-Aldrich) or with NP-40 lysis buffer (1% NP-40; 0.1 M NaCl; 
0.025 M Tris/HCl, pH 7.4; 10 mM EDTA; with protease and phosphatase 
inhibitors, Sigma-Aldrich). Protein lysates were separated by SDS–poly-
acrylamide gel electrophoresis and electroblotted onto nitrocellulose 
membranes (Bio-Rad). The blots were blocked in milk or BSA, incubated 
with primary and secondary antibodies in blocking buffer, developed 
using a Fusion SL system (Peqlab), and quantified with Image J.

Analysis of keratinocyte-conditioned medium. Medium conditioned by con-
fluent keratinocytes was used in order to ensure equivalent conditions in 
the different groups. Cells were washed 3 times with PBS, and 6 ml kera-
tinocyte medium was added into T25 flasks for 48 hours. The medium 
was harvested, and 10 mM EDTA and protease inhibitors (Sigma-Aldrich) 
were added. Medium was chilled to +4°C after harvest, and ammonium 
sulphate (Sigma-Aldrich) was added to a final concentration of 40%. The 
medium was precipitated for 1 hour under slow rotation, and the precipi-
tated proteins were pelleted by centrifugation. The pellet dissolved in TBS 
and the entire pellet was processed and used for Western blotting.

RNA isolation and quantitative polymerase chain reaction. RNA was isolated 
from cells with NucleoSpin RNA isolation kit (Macherey-Nagel) according to 
the manufacturer’s instructions and transcribed to cDNA with First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative real-time poly-
merase chain reaction analyses were performed with a CFX96 Real-Time 
system (BioRad). Primers used were as follows: Gapdh forward, TTGATG-
GCAACAATCTCCAC; Gapdh reverse, CGTCCCGTAGACAAAATGGT; Tgfb1 
forward, AAGTTGGCATGGTAGCCCTT; Tgfb1 reverse, GGAGAGCCCTG-
GATACCAAC; Fgf2 forward, TGGCACACACTCCCTTGAT; Fgf2 reverse, 
AGCGGCTCTACTGCAAGAAC; Lamb3 forward, TGGAGTCACACTTG-
CAGCAT; Lamb3 reverse, CTGTGGGGGACTTGTTCATT.

Immunofluorescence staining. Keratinocytes were grown to subconfluence 
on coverslips for 24 hours and fixed in acetone and methanol. Skin cryo-
sections were fixed in acetone or 4% PFA. Antigens in paraffin sections were 
retrieved with sodium citrate or pepsin digestion. Sections were blocked, 
stained with primary and secondary antibodies, counterstained with DAPI, 
and mounted in Fluorescence Mounting Medium (Dako). Images were 
acquired with an Axiocam MRm camera attached to a Zeiss Axio Imager 
A1 fluorescence microscope (Carl Zeiss), processed using Axiovision 4.8 
and ZEN2009 software (Carl Zeiss), and quantified with Image J.

Cell migration assays. 100,000 wild-type or Col7a1-hypomorphic murine 
keratinocytes in passage 3 were seeded to confluence in 35-mm ibidi plates 
(ibidi) and allowed to attach overnight. The next day, proliferation was 
stopped with 10 μg/ml mitomycin-C (Sigma-Aldrich). To start migration, 
the rubber insert was removed, and migration was recorded with a Biosta-
tion IM (Nikon). The migrated area was analyzed using Image J.

Wild-type or Col7a1-hypomorphic murine fibroblasts were seeded to 
near confluence in 12-well plates (Nunc) and grown for 2 days in the pres-
ence of 50 μg/ml ascorbic acid; on the last day, 5 μg/ml mitomycin-C was 
added. The monolayers were wounded with a scratch of a 200-μl pipette 
tip. Photos of the same area were taken 4, 8, 20, and 24 hours after wound-
ing, and wound closure was quantified with Image J.
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