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Abstract

Background: Van der Woude syndrome (VWS) is the most common form of syndromic 

orofacial cleft caused predominantly by mutations in Interferon Regulatory Factor 6 (IRF6). 

We previously reported that individuals with VWS have increased risk of wound healing 

complications following cleft repair compared with individuals with nonsyndromic orofacial 

clefts (nonsyndromic cleft lip and palate—NSCLP). In vitro, absence of IRF6 leads to impaired 

keratinocyte migration and embryonic wound healing. However, there is currently no data on 

tissue repair in adult animals and cells with reduced levels of IRF6 like in VWS.

Results: Excisional wounds of Irf6+/− and wild-type animals were analyzed 4 and 7 days 

post-wounding. Although all wounds were reepithelialized after 7 days, the epidermal and wound 

volume of repaired wounds was larger in Irf6+/−. These data were supported by increased 

keratinocyte proliferation in the neoformed epidermis and a less mature granulation tissue with 

increased cytokine levels. This effect was not cell autonomous, as Irf6+/− neonatal keratinocytes 

in vitro did not exhibit defects in scratch wound closure or proliferation. Keratinocytes from 

individuals with VWS also migrated similarly to keratinocytes from NSCLP individuals.

Conclusions: These data support a role for IRF6 in wound healing by regulating keratinocyte 

proliferation, granulation tissue maturation, and cytokine levels.
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1 | INTRODUCTION

Wound healing is a complex cascade of biological processes that is engaged following 

injury. Despite years of research, many of the cellular and molecular mechanisms involved 

in this restorative response remain elusive. In normal conditions, a combination of 

coordinated cellular proliferation, migration, and differentiation leads to repair of the tissue 

with minimal sequelae. However, wound healing is often impaired in individuals affected 

with chronic diseases such as diabetes and cancer, or following large burns.1,2 Tissue repair 

complications have also been occasionally observed in genetic disorders.3 Regardless of 

the conditions, compromised wound healing is debilitating for the patient and can result in 

increased infection at the site of injury, hyperproliferation, or scarring.4

Interferon regulatory factor (IRF) 6 is a transcription factor that belongs to the larger family 

of IRFs mediating the interferon response following viral infection.5 IRF6 is expressed 

in many cell types including cutaneous and oral keratinocytes,6,7 innate immune cells,8 

and occasional myocytes and osteocytes.9,10 IRF6 belongs to a feedback loop with TP63 

that regulates epidermal proliferation and differentiation.11,12 It also contributes to innate 

immunity by protecting mice from LPS-induced endotoxic shock,8 and mediating TLR2 

and TLR3 signaling in oral and cutaneous keratinocytes, respectively.13,14 In the absence of 

Irf6, mice exhibit severe cutaneous, limb, and orofacial defects and are perinatal lethal.6,15 

Salivary glands and dental development are also altered in these mice,16,17 supporting a 

major role for IRF6 in craniofacial development. In humans, mutations in IRF6 cause Van 

der Woude syndrome (VWS, OMIM 119300) and popliteal pterygium syndrome (PPS, 

OMIM 119500).18 VWS is an autosomal dominant condition where individuals present 

with a cleft of their lip and/or palate in addition to pits of their lower lips.19 Interestingly, 

our previous retrospective chart study demonstrated that these individuals were more likely 

to exhibit wound healing complications following surgical repair of their cleft compared 

with individuals who only had an isolated cleft.20 Because the cases in our study harbored 

heterozygous mutations in IRF6, it supported our hypothesis that IRF6 plays a role in 

cutaneous wound healing.

Very little is known about the role of IRF6 in tissue repair. We reported a role for IRF6 in 

keratinocyte migration and embryonic wound healing.21 Particularly, murine Irf6-knockout 

keratinocytes were delayed in closing an in vitro scratch compared with wild type cells, 

and exhibited increased actin stress fibers and active RhoA leading to slower migration.21 

Because Irf6-knockout mice are perinatal lethal, we relied on an embryonic wound healing 

assay to demonstrate that under these ex vivo developmental conditions, IRF6 was required 

for proper epithelialization. However, no data is currently available on the effect of reduced 

levels of IRF6 in adult tissue repair in animal models in vivo.

In the current study, we take advantage of Irf6+/− mice as the current best genetic model 

for VWS (individuals with VWS have only one functional copy of IRF6) and evaluate the 

consequence of decreased levels of Irf6 on adult excisional cutaneous wounds. Our findings 

show that reduced levels of IRF6 leads to altered tissue repair, and that keratinocytes 

contributed in a noncell autonomous fashion to this process.
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2 | RESULTS

2.1 | Irf6 levels are reduced in Irf6 heterozygous skin and upregulated following wounding

We previously reported the presence of Irf6 in unwounded adult skin and in 1- and 

7-day wounds.21 Here, we extended our previous findings to additional time points and 

demonstrated the presence of Irf6 in keratinocytes of the migrating tongue and leading edge 

4 days post-wounding (Figure 1A). We also observed Irf6 in the granulation tissue (Figure 

1A), which we hypothesize are innate immune cells based on our previous findings.8,21 

Seven days post-wounding, Irf6 was restricted to the suprabasal layers of the neoformed 

epidermis, and occasional cells in the granulation tissue (Figure 1B).

We quantified the level of Irf6 in unwounded and wounded tissues using Western blot. Our 

data showed a 50% reduction of Irf6 protein levels in adult heterozygous unwounded skin 

compared with wild-type skin (Figure 1C,D). Following wounding, Irf6 levels increased 

2.2- and 3.3-fold in wild-type and heterozygous wounds, respectively, compared to their 

respective unwounded tissue. These data support our overall hypothesis that Irf6 plays a role 

in cutaneous wound healing, and that changes in levels of Irf6 could alter tissue repair in 

vivo.

2.2 | Altered in vivo wound healing in Irf6+/− animals

In order to determine whether overall levels of IRF6 alter wound healing in vivo, we 

performed excisional wounds in Irf6+/− and wild-type adult mice. Four days following 

injury, all the wounds were between 40% and 55% epithelialized with no appreciable 

difference between groups (Figure 2A,C,I,J). These wounds were fully epithelialized at day 

7 (Figure 2B,D,I,J) regardless of the group. However, the Irf6+/− animals had significantly 

increased wound volume and epidermal volume that resulted in a significantly increased 

percentage of the epidermis in these wounds compared with the wild-type mice (Figure 

2E–G). These data suggest that 50 % of Irf6 appears sufficient for epidermal closure of 

the wound, but yet these wounds presented with altered morphology suggesting an overall 

dependence of Irf6 for efficient healing.

2.3 | Irf6 is required for the maturation of the granulation tissue

The granulation tissue is the new tissue that forms to replace the injured dermis at the 

surface of the wound. Characterized by the presence of neoformed blood vessels, deposition 

of collagen, and temporary presence of myofibroblasts, this provisional tissue allows the 

keratinocytes to migrate on its surface to close the wound. Following the generation of 

excisional wounds, wound volume typically decreases, in part because of myofibroblast-

dependent contraction and collagen fiber reorganization. The normal decrease in wound 

volume that occurs as healing progresses continued in both groups at 7 days, with a 

significantly larger volume in animals with reduced levels of Irf6 (Figure 2E).

To investigate this observation further, we stained with Masson’s Trichrome. This staining 

allows the visualization of collagen by its turquoise color. Following semiquantitative 

evaluation (see Material and Methods), our data indicate a lack of collagen deposition 4 

days post-wounding in both groups, consistent with the fact that granulation tissue has 
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not initiated its remodeling at this stage (Figure 3A–C). However, 7 days post-wounding, 

collagen was present in the granulation tissue of wild type animals and its fibers were 

organized somewhat parallel to the neoformed epidermis (Figure 3D,D′,G). None of these 

characteristics were detected in animals with reduced levels of Irf6 at that time point (Figure 

3E,E′,G), however, additional turquoise color with parallel collagen fibers was observed 

in 11-day heterozygous wounds (Figure 3F,F′), suggesting a delayed maturation of the 

granulation tissue.

The repair of dermal tissue results from an intricate balance between the production of 

extracellular materials and the activation of fibroblasts into myofibroblasts.23 We evaluated 

the expression of α-smooth muscle actin, a marker of myofibroblasts23,24 and found 

expression in vascular smooth muscle cells of arterioles in non-wounded healthy tissue 

flanking the wound (Figure 3H,I). Focusing on 7-day wounds as they demonstrated a 

difference in collagen organization and trichrome staining (Figure 3D,E), α-smooth muscle 

actin was detected in occasional cells of the granulation tissue in wild-type animals (Figure 

3J). However, we consistently observed a robust expression of α-smooth muscle actin in 

the granulation tissue of animals with reduced levels of Irf6 (Figure 3K). No myofibroblasts 

were detected at 4 days in both groups (Figure 3H,I), but some were present in 11-day 

Irf6+/− wounds at the same or slightly elevated levels compared with the wild type at 7 

days (Figure 3L). Together, these results suggest that the organization of the collagen fiber 

network and the presence of α-smooth muscle actin in the granulation tissue are intimately 

correlated with the level of Irf6, ultimately affecting granulation tissue maturation, which 

could account for the increased wound volume observed in these samples.

2.4 | Irf6 represses cytokine levels in wounded tissues

As inflammation plays a critical role in cutaneous wound healing,25 we evaluated the level 

of cytokines and growth factors in unwounded tissue and 4- and 7-day wounds (Figure 4). 

As expected, the level of these molecules was low in unwounded samples with no difference 

between wild type and heterozygotes. Following injury, cytokine and growth factor levels 

increased 4 days post-wounding (corresponding to the inflammatory phase of tissue repair), 

and returned to more baseline levels after 7 days. Interestingly, levels of VEGF, IL-1B, 

IFN-gamma, RANTES, and SDF-1A were all significantly elevated in Irf6+/− 4-day wounds 

compared to wild type (Figure 4A–E). Levels of VEGF and KC were also significantly 

elevated in Irf6+/− 7-day wounds compared to wild type (Figure 4A,F). Of note, IL-6, which 

we previously showed to be upregulated in a neutrophil-specific Irf6 conditional knockout,8 

trended like all the other cytokines, however did not reach significance between Irf6+/− and 

wild type (Figure 4G). No statistical difference was observed in GM-CSF (Figure 4H), IL-2 

(Figure 4I), and IL 10 (Figure 4J). Globally, these results support a role for Irf6 in repressing 

the inflammatory response, extending our previously reported findings in endotoxic shock8 

to tissue repair.

2.5 | Reduced Irf6 levels increase epidermal proliferation in neoformed epidermis in vivo

To determine if increased epidermal volume of excisional wounds of Irf6+/− mice could 

be partially attributed to changes in keratinocyte proliferation, immunohistochemistry for 

proliferating cell nuclear antigen (PCNA) was performed on 4- and 7-day wounds (Figure 
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5A–C). Although proliferation is typically observed at the wound edge or a short distance 

from it,26,27 the proportion of proliferative cells observed in the migrating tongue decreases 

as the wound heals, as observed in animals of both groups (Figure 5C). In Irf6+/−, however, 

our results show persistent proliferation in basal keratinocytes of the neoformed epidermis 

at day 7 compared with wild-type animals (Figure 5A–C). These data are in support of 

our morphometric wound analysis showing a larger epidermal volume in this group at this 

time point (Figure 2F). This effect was specific to the wounded tissue, as the proportion 

of proliferative basal cells in Irf6+/− unwounded epidermis was similar to that of wild-type 

animals (Figure 5D–F), as was the epidermal thickness (wild type: 12.87 ± 3.7 μm, N 

= 7, average ± SD; Irf6+/−: 12.57 ± 2.43 μm, N = 8, average ± SD). This alteration 

in proliferation did not appear to affect epidermal differentiation, as we did not detect 

a difference in the pattern of expression of keratin 10 following immunofluorescence of 

unwounded tissue flanking 7-day wounds (Figure 5G,H).

2.6 | Cell proliferation and migration in vitro is not affected by reduced levels of Irf6

Because we previously reported a role for IRF6 in keratinocyte migration, we asked whether 

a reduction (and not an absence of, as in our previous studies) in levels of Irf6 would impair 

keratinocyte proliferation and migration in vitro. To do this, we isolated keratinocytes from 

Irf6+/− and wild-type neonatal epidermis. Morphologically, keratinocytes from both groups 

were indistinguishable (Figure 6B). Using hypotonic propidium iodine, we assessed the cell 

cycle status of wild-type and Irf6+/− keratinocytes, and did not detect significant changes 

in the proportion of cells in the different phases of the cell cycle between the two groups 

(Figure 6A). We also assessed the proliferation rate of basal keratinocytes in embryonic/

neonatal epidermis. As observed in adult, we found similar proportion of proliferative cells 

in wild-type and Irf6+/− basal keratinocytes (wild type: 68.87 ± 20.78% PCNA positive in 

the basal layer, N = 6, average ± SD; Irf6+/−: 36.08 ± 26.85% PCNA positive in the basal 

layer, N = 4, average ± SD). Consistent with this observation, the thickness of the epidermis 

was not significantly different between wild-type and Irf6+/− animals (wild type: 53.60 ± 

10.5 μm, N = 12, average ± SD; Irf6+/−: 55.59 ± 14.7 μm, N = 7, average ± SD).

To assess migration, we used a scratch wound assay. Our data show that both wild type and 

Irf6+/− keratinocytes closed the scratch after 24 hours (Figure 6B,C), suggesting that 50% 

of Irf6 levels in keratinocytes is sufficient for scratch closure in vitro. Together, these data 

demonstrate that both keratinocyte proliferation in vivo and in vitro, as well as migration 

in vitro, were not affected by a reduction in Irf6 levels. Globally, with our in vivo wound 

healing data, our results suggest that the increase in proliferation observed in keratinocytes 

of the neoformed epidermis of Irf6+/− animals is noncell autonomous.

2.7 | Keratinocytes from patients with IRF6 mutations behaved similarly to cells from 
patients with NSCLP

To further validate our results obtained with murine cells, we took advantage of a 

unique collection of keratinocytes isolated from cutaneous biopsies from patients with 

nonsyndromic cleft lip and palate (NSCLP) or syndromic forms of clefting with IRF6 
mutations (VWS and PPS). We chose samples that were aged- and anatomic site-matched 

as these two parameters would have the highest impact on keratinocyte behavior.28,29 As we 
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previously reported, keratinocytes from both groups were morphologically indistinguishable 

(Figure 7A).30 We compared their in vitro behavior following in vitro scratches and found 

that cells from both groups of individuals showed no difference in scratch closure after 24 

hours (Figure 7A,B).

Collectively, these data recapitulate our observations obtained with murine keratinocytes 

and indicate that in vitro, reduction of IRF6 levels is sufficient for proper migration of 

keratinocytes.

3 | DISCUSSION

The data presented in this study demonstrate that despite an apparent normal wound healing 

and complete epithelialization after 7 days, several key aspects of tissue repair were in 

fact altered in Irf6+/− adult mice compared with their wild type counterparts. Particularly, 

excisional wounds of Irf6+/− showed increased epidermal and wound volume compared with 

wild-type wounds, likely due to an increase in proliferation in the newly formed epidermis 

and maintenance of myofibroblasts in the granulation tissue. Additionally, inflammatory 

cytokines and growth factors involved in tissue repair were significantly increased in Irf6+/− 

wounds. Interestingly, neither proliferation nor migration of Irf6+/− keratinocytes in vitro 

was altered, suggesting a noncell autonomous effect.

One of the critical steps of cutaneous wound healing is the migration of keratinocytes 

to restore the barrier function of the tissue as quickly as possible. A series of cellular 

processes regulated by several transcription factors and growth factors are involved in 

keratinocyte migration,32,33 including IRF6.21 Our previous work demonstrated that ex 

vivo in embryos, and in vitro in embryonic keratinocytes, total absence of IRF6 impaired 

keratinocyte migration.21 However, data from this study show that partial reduction of IRF6, 

both in vivo in adult mice and in vitro in embryonic keratinocytes and cells from patients 

with IRF6 mutations, is sufficient for functional migration. This leads us to speculate the 

existence of a threshold level for IRF6, somewhere between 0% and 50%, that is required 

for proper cell migration. The idea of threshold level has been previously reported for IRF6 

in craniofacial development6,15 and more recently demonstrated for a new function of IRF6 

in neurulation.34 Further studies could take advantage of the unique allelic combinations 

described in this latter study to define the required IRF6 level for epidermal migration. 

Among the three syndromic cases with IRF6 mutations reported in this current study, we 

determined the genotype of two single nucleotide polymorphisms in IRF6 that are associated 

with NSCLP.35,36 One of the patients had the risk allele at rs2235371 in addition to the 

presumed disease causing IRF6 mutation. Cells from this patient did not close the scratch at 

24 hours, while the other two did. We recognize this observation is made on a small number 

of individuals, but it reinforces the potential existence of an IRF6 threshold regulating 

keratinocyte migration. Although the type of wound healing complications encountered by 

patients with IRF6 mutations did not predominantly involve keratinocyte migration (fistula 

and dehiscence),20 these results are potentially clinically significant as they would suggest 

that these individuals can restore their epidermal covering as efficiently as NSCLP or 

unaffected individuals and that future studies should address other stages of wound healing.
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Despite the fact that wounds closed after 7 days, further investigation of Irf6+/− adult 

wounds demonstrated an altered phenotype. Our data showed an increase in the proportion 

of proliferative basal cells in the migrating tongue and neoformed epidermis, a hallmark 

of chronic nonhealing ulcers and hypertrophic scars.37,38 Although all Irf6+/− wounds were 

closed, and the murine model not being ideally suitable to observe hypertrophic scars, 

these data are in support of a well known previously reported role for IRF6 in regulating 

keratinocyte proliferation.6,11,39 Interestingly, this increased rate of proliferation was not 

observed in Irf6+/− unwounded tissue, suggesting that it was unique to the wounded 

environment and likely non-autonomous in keratinocytes. Follow up studies in Irf6+/− 

cultured keratinocytes did not demonstrate a change in proliferation either. However, these 

data were obtained in unwounded, confluent keratinocytes under normal culture conditions. 

Therefore, we cannot rule out the possibility that proliferation may be altered following 

scratches in vitro. Testing this phenomenon in vitro would potentially be informative, but 

would remain challenging as the proportion of cells affected by the in vitro wound would be 

a minimal fraction of the entire cell population, and therefore difficult to detect.

Our data using human keratinocytes from patients with IRF6 mutations also lead to scratch 

wound closure, similar to Irf6+/− murine cultured keratinocytes. We previously showed that 

keratinocytes from individuals with VWS had increased proliferative capacity compared 

to cells from NSCLP individuals, and that in cutaneous hip biopsies, there were twice as 

many basal keratinocytes proliferating in VWS compared to NSCLP tissues.30 These data 

are not consistent with our observation of the Irf6+/− murine phenotype. These discrepancies 

may be due to fundamental differences between murine and human skin, additionally, we 

do not know the full genetic profile of the patients with IRF6 mutations or the potential 

contribution of other genetic variants to the observed change in proliferation.

Reduced levels of Irf6 also had an effect on the wound volume. This parameter is a 

read out for the maturation of the granulation tissue, the newly formed matrix on which 

keratinocytes migrate to close the wound. We noticed reduced collagen and high levels of 

α-smooth muscle actin in Irf6+/− mice. This phenotype is reminiscent of what we previously 

observed in animals with reduced levels of Tgfb3.22 Tgfb3 is an upstream regulator of 

Irf6 in oral keratinocytes and palatal epithelium during palatogenesis.7,40 Results from this 

study, although not formally tested, support a relationship between these two molecules in 

cutaneous wounds, similarly to what was observed for craniofacial development, and further 

validate our overall viewpoint that palatogenesis and cutaneous wounds are “two faces of the 

same coin”.41

The formation of the granulation tissue is dependent on the proper signaling between 

keratinocytes, innate immune cells, adipocytes, and fibroblasts with the requirement for 

the migration of collagen-producing fibroblasts to the injured site.41 Although Irf6 is not 

detected in fibroblasts, it is expressed in both keratinocytes and innate immune cells, and 

has been previously reported as a repressor of inflammatory cytokines following endotoxic 

shock.8,39 The inflammatory phase of tissue repair is essential to the overall healing process, 

that must be accompanied by a return to normal levels for completion of the process.42 

Interestingly, the inflammatory phase of the Irf6+/− murine wounds was significantly 

exacerbated and most cytokines had not returned to baseline levels after 7 days. Therefore, 
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a delay in granulation tissue formation in Irf6+/− murine wounds could be due to altered 

functions of keratinocytes and innate immune cells in their interactions with mesenchymal 

cells. VEGF, IL-1B, IL-2, IFN-gamma, and to a lesser extend IL-6, could all be mediators 

of this indirect effect on fibroblasts. Although IRF6 has not traditionally been described 

as participating in innate immunity like the other IRFs, it has been shown to mediate the 

Toll-like receptor pathway to regulate cytokines in vitro.13 Our current data support a role 

for Irf6 in repressing the inflammatory response of tissue repair, extending our previous 

findings following endotoxic shock.8 This is potentially significant in the context of patients 

with VWS, as they demonstrated an increased risk for dehiscence and fistula following their 

cleft repair.20 Dehiscence is often associated with infections,43 the risk of which one may 

speculate could be increased in this patient population.

In summary, our studies contribute to our understanding of the function of IRF6 in 

cutaneous wound healing, ultimately leading to the discovery of additional functions for 

IRF6 in regulating tissue repair. Moreover, the tissue repair phenotype is added to the list 

of other malfunctions observed in the heterozygous mouse (ie, brain volume,44 endotoxic 

shock response8) validating this model as a powerful tool to understand IRF6-related 

human conditions. As recent reports continue to implicate IRF6 in cancer,45–47 and the 

well-established link between chronic wounds and cutaneous carcinogenesis, this model 

could be a great tool to further investigate this aspect of IRF6 biology.

4 | EXPERIMENTAL PROCEDURES

4.1 | Animals and excisional wounds

All animal procedures were approved by the Animal Care and Use Committee of the 

University of Iowa. Wild-type and Irf6 null alleles were maintained on a C57/Bl6N 

background and previously described.39 Excisional full thickness wounds were created on 

the back of the animals using a 6 mm punch biopsy as previously described.22 Briefly, 

skin of the scapular region was shaved and two wounds were generated. The removed skin 

from the punch was preserved and fixed in 4% paraformaldehyde and used as unwounded 

control tissue. Macroscopic images were acquired immediately following the procedure and 

later analyzed for their consistent size. Animals were sacrificed 4 and 7 days post-surgery, 

wounds were harvested and fixed in 4% paraformaldehyde and later embedded in paraffin. 

Samples were embedded such that the epidermal surface was perpendicular to the blade of 

the microtome. Serial sectioning was performed throughout the wound, and morphometric 

analysis performed and computed as previously described using Hematoxylin and Eosin 

stained sections.22 Sections in the middle of the wound were also stained with Masson’s 

Trichrome to assess granulation tissue organization. An arbitrary scale system (0 to +++) 

was used to quantify the amount of collagen (azure blue staining) in the granulation tissue.

4.2 | Western blot analysis and cytokine measurements

Flash frozen punches, 4- and 7-day wounds were ground into powder and protein extracted 

using radioimmunoprecipitation assay (RIPA) buffer supplemented with protease inhibitor 

cocktail (Sigma, St. Louis, Missouri; cat# P8340) as previously described.39 Thirty 

micrograms of protein were loaded on a 10% Bis-Tris acrylamide gel and transferred 
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on a PVDF membrane. After blocking the membrane in Tris Buffer Saline with 0.1% 

Tween 20 (Sigma; cat# P7949) and 10% non-fat dry milk, primary antibodies were 

incubated overnight at 4°C. Following washes, secondary antibodies were incubated at room 

temperature for 1 hour. Signal was detected and quantified using the Amersham Imager 

600 (GE, Buckinghamshire, UK). Primary antibodies were: anti-rabbit IRF6,48 anti-mouse 

GAPDH (Ambion, Austin, Texas; cat#AM4300).

Using the same RIPA extracts, cytokine levels were measured at the Cytokine Core 

Laboratory (University of Maryland, Baltimore, Maryland) using the Luminex platform.

4.3 | Immunodetection and PCNA quantification

Immunohistochemistry for PCNA (clone PC10, Biomeda, Foster City, California; 

cat #K110; used at 1/200) was performed according to standard protocol using a 

diaminobenzidine detection system. Immunofluorescence for alpha smooth muscle actin 

(Sigma; cat #A_2547; used at 1/400) and keratin 10 (Covance; cat#PRB-159P; used 

at 1/200) was performed on sections adjacent or near adjacent to the sections stained 

with Masson’s Trichrome using standard protocol. Secondary antibodies were: Biotin-

SP-conjugated goat anti-rabbit (Jackson Immunoresearch, West Grove, Pennsylvania; cat 

#305-065-008; used at 1/200), Alexa Fluor 488 anti-mouse IgG (Invitrogen, Carlsbad, 

California; cat #A-11017; used at 1/200), and Alexa Fluor 568 anti-rabbit IgG (Invitrogen, 

Carlsbad, California; cat#A-11011; used at 1/200). Nuclear DNA was labeled with DAPI 

(4’,6-diamidino-2-phenylindole). For PCNA staining, antigen retrieval in citrus buffer 

was performed, and histochemical detection was performed as previously described.49 

Microscopic observations of histology, Masson’s Trichrome staining and PCNA staining 

were performed with an E600 Eclipse Nikon and photomicrographs recorded with a Nikon 

DS Ri2 camera. Immunofluorescent images were acquired with a Zeiss 700 Confocal, 

processed using NIH Image J and presented as maximum projection.

For the quantification of PCNA positive cells in adult and neonatal unwounded murine skin, 

a total of at least 150 total basal keratinocytes (as defined by their position adjacent to the 

dermis) per samples were counted over three to four independent images. Percentage of 

proliferating cells was calculated as the ratio of PCNA positive in the basal layer over the 

total basal keratinocytes.

For the quantification of PCNA positive cells in wounded samples, total basal keratinocytes 

were counted in the migrating tongue (see Figure 1A,C, distance between the vertical 

black lines and the black arrow heads) or neoformed epidermis (see Figure 1B,D, distance 

between the vertical black lines) and percentage of proliferating cells calculated as described 

above.

4.4 | Murine keratinocyte culture and cell cycle analysis

Murine keratinocytes were obtained from 1- to 2-day-old animals and cultured in N-medium 

on collagen IV coated dishes as previously described.39,50 At about 80% confluency, cells 

were trypsinized and resuspended in hypotonic propidium iodine as previously described.51 

Briefly, cells were resuspended at 5 × 105 cells/ml in a hypotonic propidium iodide solution 

(1 mM Tris, 0.1 mM EDTA, 0.1% triton-X100, 3.4 mM Na Citrate, 0.05 mg propidium 
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iodide). After 15 minutes on ice, the cells were processed through the FACScan (Beckton-

Dickinson, San Jose, California) flow cytometer. The DNA content was measured using an 

488/635 nm excitation/emission wavelengths and analyzed using the CellQuest software.

4.5 | Scratch wound assay

Scratch wounds were performed on confluent keratinocytes grown in N-medium on collagen 

IV coated dishes as previously described.21 Three different areas of the scratch were 

photographed, analyzed using the ImageJ NIH software, and averaged. Images were 

acquired 4, 6, 8, 12, and 24 hours following the scratch.

4.6 | Human samples and keratinocyte culture

Human skin tissue from individuals with orofacial cleft was obtained from the skin of 

the hip during alveolar bone graft, as well as from the skin of the lip during primary 

cleft lip repair. Samples obtained from the hip were previously reported.30 Regarding the 

primary cleft lip repair, the unfused part of the cleft was removed and divided into skin, 

vermillion, and oral mucosa based on macroscopic evaluation by the surgeon, and always 

treated separately. Table 1 summarizes the characteristics of the individuals we collected the 

samples from. A total of nine samples from the hip and three samples from primary cleft lip 

repair were used in this study.

Keratinocytes from these skin samples were extracted as previously reported.52 Briefly, 

samples were rinsed in PBS-1% penicillin streptomycin (Gibco, Waltham, Massachusetts; 

cat #15140–122) multiple times, cut in thin strips and incubated in Hepes-thermolysin 

(Sigma, St. Louis, Missouri; cat #9073-78-3) 0.5 mg/ml at 4°C overnight.53 The following 

day, the epidermis was mechanically separated from the dermis and isolated in single 

cell suspension following 30 minutes in trypsin 0.25%-EDTA (Gibco, cat #150050–065) 

at 37°C. Keratinocytes were grown according to the Rheinwald and Green method using 

previously irradiated NIH J2 3T3 as feeder layers.29,52
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FIGURE 1. 
Irf6 is reduced in heterozygous mice, and elevated in wounds. A and B, Immunofluorescent 

staining for Irf6 (red) and DAPI (blue) of 4-day (A) and 7-day (B) wild-type wound 

paraffin sections. Yellow arrows point to innate immune cells. C, Western blot for Irf6 and 

GADPH (one representative of three experiments, images collated from the same gel) of 

unwounded and wounded RIPA tissue extracts from wild-type and heterozygous animals. D, 

Quantification of Irf6 protein levels as determined by Western blot analysis. Data show the 

means (N = 6–7 per groups) ± SEM, *P < .05 and **P < .01 after Kruskal-Wallis test. DAPI, 

4’,6-diamidino-2-phenylindole; RIPA, radioimmunoprecipitation assay
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FIGURE 2. 
Altered wound healing in mice with reduced levels of Irf6. A-D, Representative histological 

features of 4-day (A, C) and 7-day (B, D) wound sections chosen in the middle of Irf6+/+ (A, 

B) and Irf6+/− (C, D) wounds. Scale bar = 500 μm; arrow head indicates the epithelial wound 

margin and the vertical black lines the limit between unwounded and wounded tissue. E-J, 

Computed morphometric measurements of 4- and 7-day wounds. E, F, H, and I are directly 

measured on the wound as previously described.22 G, Percentage of epidermis is calculated 

by dividing the epidermal volume by the wound volume. J, Percentage of epidermal area 

among wound area is calculated by dividing the epidermal area by the wound area. Data 

show the means (N = 4–7 per groups) ± SEM, *P < .05 and **P < .01 after Mann-Whitney 

test
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FIGURE 3. 
Irf6 is required for the maturation of the granulation tissue. A, B, D, E, and F, Masson’s 

Trichrome histological staining of wild-type (A, D) and Irf6+/− (B, E, F) 4-day (A, B), 7-day 

(D, E), and 11-day (F) wounds. Images represent a section of the middle of the wound. 

A’, B’, D’, E’, and F’ are magnified regions of (A), (B), (D), (E), and (F), respectively, 

immediately below the epidermis. Scale bars = 100 and 50 μm for inserts. C and G, 

Quantification of collagen deposition in 4-day (C) and 7-day (G) wounds as evaluated 

by arbitrary scale (0–3). Data show the means (N = 4–7 per groups) ± SEM, NS = non 

significant, **P < .005 after Student t test. H-L, Immunofluorescent staining for α-smooth 

muscle actin (α-SMA, green) and DAPI (blue) of wild-type (H, J) and Irf6+/− (I, K, L) 

4-day (H, I), 7-day (J, K), and 11-day (L) wounds. White arrows point to the leading edge 

(H-I) and dotted lines indicate the basement membrane (H-L). Scale bars = 25 μm. DAPI, 

4’,6-diamidino-2-phenylindole
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FIGURE 4. 
Irf6 represses inflammatory cytokines during tissue repair. Cytokine (IL1-B, B; IFN-g, C; 

RANTES, D; KC, F; IL-6, G; IL-2, I; IL-10, J) and growth factors (VEGF, A; SDF-1A, E; 

GM-CSF, H) in wild-type and Irf6+/− punches (unwounded skin) and 4- and 7-day wounds 

as determined by Luminex assay. Data show the means (N = 2–7 per groups) ± SEM, *P < 

.05, **P < .01, ***P < .005, ****P < .0001 after Mann-Whitney test
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FIGURE 5. 
Reduced Irf6 levels increase epidermal proliferation in neoformed epidermis in vivo. A, 

B, D, and E, Immunohistochemical staining for PCNA (brown) counter stained with 

hematoxylin (blue) of wild-type (A, D) and Irf6+/− (B, E) 7-day wounds (A, B) and 

unwounded adult back skin (D, E). Images in (A) and (B) represent a section of the middle 

of the wound. A’ and B’ are magnified regions of (A) and (B). C, Percentage of basal cells 

positive for PCNA in the migrating tongue (4-day wounds) or neoformed epidermis (7-day 

wounds). F, Percentage of basal cells positive for PCNA in unwounded adult back skin. Data 

show the means (N = 4–7 per groups) ± SEM, *P < .05, **P < .005, NS = nonsignificant 

after Student t test. Scale bars = 100 μm. G and H, Immunofluorescent staining for keratin 

10 (K10, red) and DAPI (blue) of wild-type (G) and Irf6+/− (H) unwounded skin flanking 

7-day wounds. Scale bars = 25 μm. PCNA, proliferating cell nuclear antigen
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FIGURE 6. 
Cell proliferation and migration is not affected by Irf6 levels in murine keratinocytes. A, 

Cell cycle profile of wild-type and Irf6+/− murine keratinocyte as determine by FACScan 

after being resuspended in propidium iodide. The percentage of cells in each phase of the 

cell cycle was determined based upon their DNA content (cells with 2n = G0/G1; cells 

with >2n and <4n = S; cells with 4n = G2/M). B, Phase contrast micrographs of in vitro 

scratch wounds in confluent monolayers of wild type and Irf6+/− murine keratinocytes. Cells 

were grown to confluency then scratched with a yellow tip (T0). By 24 hours (T24), both 

groups of keratinocytes had closed the scratch. Scale bar = 100 μm. C, Quantification of the 

percentage of wound closure over time. Data show the means ± SEM. NS = nonsignificant 

after Student t test. N = 10 to 14 per groups
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FIGURE 7. 
Keratinocytes from patients with IRF6 mutations properly close an in vitro scratch wound. 

A, Phase contrast micrographs of in vitro scratch wounds in confluent monolayers of human 

keratinocytes from individuals with nonsyndromic cleft lip and palate (NSCLP) or with an 

IRF6 mutation leading to Van der Woude or popliteal pterygium syndromes (VWS/PPS). 

Cells were grown to confluency (before scratch) then scratched with a yellow tip (T0). By 

24 hours (T24), both groups of keratinocytes had closed the scratch. Scale bar = 100 μm. B, 

Quantification of the percentage of wound closure over time. Data show the means ± SEM. 

N = 9 for NSCLP, N = 3 for VWS/PPS (see Table 1 for details)
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