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Abstract

Objective—Interferon Regulatory Factor 6 (IRF6) is critical for craniofacial development, 

epidermal differentiation, and tissue repair. IRF6 mutations cause Van der Woude Syndrome 

(VWS) and Popliteal Pterygium Syndrome. Individuals with VWS exhibit craniofacial anomalies, 

including cleft lip and palate and lip pits. Furthermore, they have an increased risk for wound-

healing complications following surgical repair when compared with patients with nonsyndromic 

cleft lip and palate (NSCLP). However, nothing is known about the skin of these patients. The 

objective was to characterize the skin of patients with VWS. We hypothesize that IRF6 is required 

for proper skin homeostasis in humans.

Design—Discarded tissue from a hip was collected during surgical alveolar bone graft. Samples 

from children with VWS harboring IRF6 mutations (n = 2) were compared with samples from 

children with NSCLP (n = 7). Histology was assessed following hematoxylin and eosin staining. 

The expressions of Proliferating Cell Nuclear Antigen, IRF6, P63, and Keratin 10 were 

determined by immunofluorescence. Keratinocytes were isolated and their proliferation potential 

was assessed by colony-forming efficiency assay.

Address correspondence to: Dr. Martine Dunnwald, 206 MRC, Department of Pediatrics, The University of Iowa, 500 Newton Road, 
Iowa City, IA 52245. martine-dunnwald@uiowa.edu.
Lindsey Rhea is currently with the United States Geological Survey, Forest and Rangeland Ecosystem Science Center, Boise, Idaho.

A portion of this study was presented at the 2013 Biomedical Engineering Society (BMES) Annual Meeting in Seattle, Washington.

HHS Public Access
Author manuscript
Cleft Palate Craniofac J. Author manuscript; available in PMC 2018 May 01.

Published in final edited form as:
Cleft Palate Craniofac J. 2017 May ; 54(3): 281–286. doi:10.1597/15-275.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results—Hip skin from children with VWS showed a thicker epidermis when compared with 

that from children with NSCLP. Proliferating Cell Nuclear Antigen staining revealed an increase 

in proliferation in syndromic tissues when compared with controls. However, P63 and Keratin 10 

expression were similar between groups. Finally, keratinocytes from VWS showed increased long-

term proliferation when compared with NSCLP.

Conclusions—These results support, in vivo and in vitro, a previously described role for IRF6 

in epidermal proliferation in humans. They further demonstrate a critical function for IRF6 in 

cutaneous homeostasis.
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Interferon Regulatory Factor 6 (IRF6) belongs to the interferon regulatory factor family of 

transcription factors. There are nine members in the interferon regulatory factor family, most 

of which are involved in mediating the interferon response following viral infection as well 

as in the innate immune response (Taniguchi et al., 2001). IRF6, however, functions as a 

tumor suppressor and plays a role in wound healing, keratinocyte migration, and epidermal 

differentiation and is most known for being required in craniofacial development (Ingraham 

et al., 2006; Jones et al., 2010; Botti et al., 2011; Biggs et al., 2012, 2014).

Mice deficient for irf6 exhibit abnormal skin, limb, and craniofacial morphogenesis 

(Ingraham et al., 2006). The major cutaneous histological feature of the irf6-deficient mice 

shows a lack of stratified epidermis. The epidermis is predominantly composed of epithelial 

cells called keratinocytes and can be further divided into basal and suprabasal layers. The 

differentiation process from the basal layer up to the surface of the skin is accompanied by 

changes in key proteins that can be used as characteristic markers of the differentiation 

process (Biggs et al., 2015). For example, Keratin 14 and Proliferating Cell Nuclear Antigen 

(PCNA) are both expressed in keratinocytes of the basal layer (Furukawa et al., 1992), 

whereas Irf6 and Keratin 10 (K10) are both detected in the suprabasal layers (Biggs et al., 

2012). Protein 63 (P63) is mainly present in the basal layer, but is also detected in the 

spinous layer (lower suprabasal layer) of human tissue (Leonard et al., 2011) and part of a 

feedback loop with IRF6 (Moretti et al., 2010).

The epidermis of Irf6-deficient embryos is thicker when compared with wild-type embryos. 

Furthermore, the suprabasal keratinocytes fail to stop proliferating and never terminally 

differentiate, leading to the absence of the stratum corneum, the outermost layer of the 

epidermis responsible for the cutaneous barrier function. These results, along with our 

studies with keratinocytes in vitro (Biggs et al., 2012), demonstrated that IRF6 plays a 

significant role in regulating proliferation and differentiation of keratinocytes.

In humans, mutations in IRF6 cause two orofacial clefting syndromes, Van derWoude 

Syndrome (VWS) and Popliteal Pterygium Syndrome (PPS) (Kondo et al., 2002). In 

addition to cleft lip and palate, lip pits on lower lips and webbing behind the knees 

characterize patients with VWS and PPS, respectively. Interestingly, individuals with VWS 

(haploinsufficient for IRF6) have increased wound-healing complications following surgical 
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repair when compared with individuals with isolated cleft (nonsyndromic cleft lip and palate 

[NSCLP], no mutation in IRF6; Jones et al., 2010). These results led us to hypothesize that 

skin from individuals with VWS may be altered when compared with the skin from 

individuals with NSCLP. However, no study has been conducted to systematically test this 

hypothesis.

In the current work, we compared the proliferative characteristics of keratinocytes from 

individuals with VWS with those from individuals with NSCLP. Our results show that the 

rate of proliferation of keratinocytes was increased in the skin from individuals with VWS 

when compared with NSCLP, both in vivo and in vitro.

Methods

Informed consent for each child was obtained according to approved institutional review 

board protocols from the University of Iowa. Discarded skin from the hip of patients with 

cleft lip and palate (NSCLP and VWS) was collected following alveolar bone grafting 

surgery. The same surgeon performed the procedures for all of the children. Samples were 

obtained from eight children with NSCLP and two children with VWS.

A portion of the tissue was fixed in 4% paraformaldehyde and embedded in paraffin. Each 

paraffin block was then sectioned, and 7-μm thick sections were placed on microscope 

slides. For histological examination, the slides were stained with hematoxylin and eosin. The 

thickness of the epidermis was measured between the rete ridges at four different sites per 

section using Image J (National Institutes of Health, Bethesda, MD). Two to three sections 

per sample were analyzed. Protein expression was detected using immunofluorescence as 

previously described (Biggs et al., 2014). Primary antibodies used were: rabbit polyclonal 

against human IRF6 (Bailey et al., 2005), rabbit polyclonal against PCNA (Biomeda, Foster 

City, CA), rabbit polyclonal against mouse K10 (Covance, Emerville, CA), and mouse 

monoclonal against human P63 (clone 4A4; Santa Cruz, SantaMonica, CA). They were 

detected by the use of secondary antibodies: goat anti rabbit alexa 568 (Molecular Probe, 

Life Technology, Grand Island, NY) and goat anti mouse FITC (Sigma, St. Louis, MO). 

DAPI was used to label the nuclear deoxyribonucleic acid. All slides were visualized with a 

Nikon E800 Eclipse (Nikon, Tokyo, Japan) and photomicrographs acquired with a SPOT RT 

Slider Diagnostic Instruments CCD camera using Spot Advanced software (Diagnostic 

Instruments, Sterling Heights, MI). Immunofluorescent images were acquired in black and 

white, pseudocolorized, and merged.

We quantified the proliferating cells in the epidermis. The number of cells present in the 

basal layer was counted and recorded using DAPI as a marker for nuclear DNA. PCNA-

positive cells in the basal layer were counted and recorded. The percentage of proliferating 

cells in the basal layer was calculated as the ratio of PCNA+:DAPI+.

The remaining discarded tissue was used to extract keratinocytes from the epidermis as 

previously described (Michel et al., 1996). Briefly, the tissue was washed with phosphate-

buffered saline with 1% penicillin-streptomycin, cut in 2-mm wide strips, and incubated in 

thermolysin 0.5 mg/ml overnight at 4°C (Germain et al., 1993). The following day, the 
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epidermis was peeled from the dermis and placed in 0.25% trypsin–

ethylenediaminetetraacetic acid for 30 minutes at 37°C. Keratinocytes were then grown with 

a previously irradiated NIH3T3 feeder layer as previously described (Rheinwald and Green, 

1975). Colony forming efficiency (CFE) assay was assessed 12 days following the plating 

of 500 keratinocytes per 60-mm dishes as previously described (Rheinwald and Green, 

1975).

Saliva was obtained from the affected children, and DNA was extracted per standard 

protocols. Genotyping for the genetic variants rs642961 and rs2235371 was performed using 

TaqMan assays and the primers previously described (Rahimov et al., 2008; Beaty et al., 

2010). Genotyping was completed using TaqMan SNP Genotyping Assays (Applied 

BioSystems/Life Technologies, Foster City, CA) and detected using the Applied BioSystems 

Prism 7900 HT. Sanger sequencing of exonic regions of the IRF6 gene was performed for 

children diagnosed with VWS. All sequencing was performed by Functional Biosciences, 

Inc. (Madison, WI).

Results

To determine the effect of IRF6 mutations on keratinocyte proliferation in humans, we 

collected discarded skin from the hips of children undergoing alveolar bone graft surgery. 

We carefully controlled for the same anatomical site (the hip), the age of the children (8 to 9 

years old), and the surgical procedure. All of these parameters were identical between our 

children with VWS (carrying a heterozygous mutation in the IRF6 gene) and children with 

NSCLP (Table 1). Furthermore, we genotyped all participants for two genetic variants that 

have been previously reported to be associated with cleft lip and palate (rs642961 and 

rs2235371) and found a similar distribution between children with VWS and children with 

NSCLP. Because of these stringent parameters, we identified two children with VWS and 

eight children with NSCLP (who will serve as the control group) to carry on our study.

By examining the histological features of the skin from children with NSCLP, we observed a 

rather thin epidermis composed of 5 to 10 layers of keratinocytes that was well organized 

with formed deep rete ridges (Fig. 1A). However, cutaneous hip biopsies from children with 

VWS exhibited a thick and compact epidermis and lacked the deep rete ridges (Fig. 1B and 

1D). We measured the actual thickness of the epidermis and found that children with VWS 

had an epidermis two times as thick as the epidermis of children with NSCLP (Fig. 1C). The 

dermis of all of the biopsies appeared similar between the two groups. Collectively, these 

data suggest that IRF6 mutations alter the epidermal thickness in human skin.

To further investigate the epidermis in children with VWS, we examined the expression of 

PCNA, a marker of proliferating cells. PCNA was detected in the basal layer of the 

epidermis (K10-negative cells) in skin from children with NSCLP and VWS (Fig. 2A and 

2B). However, we observed a twofold increase in the percentage of PCNA-positive cells in 

the basal layer of VWS when compared with NSCLP (Table 2). K10, a marker of epidermal 

differentiation, was restricted to suprabasal cells in both groups (Fig. 2A and 2B), suggesting 

the initiation of epidermal differentiation is initially proper. P63 is typically restricted to the 

basal layer of the epidermis in the mouse (Biggs et al., 2012). However, in human skin it has 
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been previously reported to extend its expression up to the first suprabasal layer of 

keratinocytes (Furukawa et al., 1992). Our results are consistent with these findings in both 

groups (Fig. 2C and 2D). Although children with VWS carry a mutation in IRF6, they are 

heterozygotes for the mutation, suggesting a reduction in the level of IRF6 expression. As 

shown in Fig. 2C, we detected IRF6 throughout the epidermis of the skin from children with 

NSCLP. The level of expression appeared to be decreased in the epidermis of children with 

VWS when compared with those from NSCLP (Fig. 2D), yet immunofluorescent staining is 

hardly amenable to quantitative studies. Overall, our results demonstrate a role for IRF6 in 

regulating the proliferation of keratinocytes in vivo, with no apparent effect on markers of 

early differentiation.

We previously demonstrated that IRF6 was required for in vitro proliferation (Biggs et al., 

2012). Using murine keratinocytes, we showed that cells from Irf6-deficient embryos 

exhibited increased CFE, a standard indicator of keratinocyte proliferation and lifespan 

(Rheinwald and Green, 1975) as well as long-term proliferation (Biggs et al., 2012). To 

determine if IRF6 also had an effect on human cell proliferation in vitro, we isolated 

keratinocytes from the hip skin of patient 1 (VWS) and patients 3 to 9 (NSCLP). 

Keratinocytes from both groups exhibited similar morphology (Fig. 3A and 3B). After the 

first subculture, CFE ranged from 0.6% to 38.2% (average of 13.67%) in cells from children 

with NSCLP, whereas it was 6% in keratinocytes from VWS. The serial subculture of 

keratinocytes from children with NSCLP showed that of seven primary lines established, 

only six were successfully subcultured twice, four subcultured five times, and one 10 times. 

During that time, the CFE decreased from 13.6% to 2.3%. On the other hand, cells from the 

child with VWS were not only successfully subcultured 10 times but also the CFE increased 

from 6% to 17%. Cells were not carried further than 10 subcultures. Together, these data are 

anecdotal evidence that human mutations in IRF6 affect the keratinocyte proliferation in 
vitro.

Discussion

In the present study, we report that the epidermis of children with VWS baring mutations in 

IRF6 is thicker when compared with the epidermis of children with NSCLP carrying no 

IRF6 variants. We suggest that this phenotype is a result of increased keratinocyte 

proliferation in a cell-autonomous fashion. Our data are consistent with a previously 

described role for IRF6 in epidermal proliferation, and further support in humans is provided 

of a critical role for IRF6 in epidermal homeostasis.

Having access to mice heterozygotes and homozygotenull for Irf6, we previously evaluated 

epidermal thickness and proliferation in their skin. The results, from published and 

unpublished work, demonstrate that only mice deficient for Irf6 exhibit a cutaneous 

phenotype, with an increased thickness of the epidermis and ectopic proliferation in the first 

few suprabasal keratinocytes (Ingraham et al., 2006). Skin from heterozygous mice was 

indistinguishable from wild type (Canady, Biggs, and Dunnwald, personal communication). 

Although the heterozygous mouse may be the closest in vivo model for VWS because they 

both harbor one unaffected IRF6 allele, its epidermis is far from being similar to the human 

epidermis. Particularly, the thickness of the murine suprabasal layers is limited to two to 
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three cells thick, whereas it is 8 to 10 cell layers in humans. Because of such a thin tissue, it 

may require more than 50% reduction in Irf6 to observe an effect on the murine epidermis. 

Of note, no living human has ever been reported with homozygous IRF6 mutations (likely 

because of the severity of the phenotype incompatible with life), therefore the comparison 

with Irf6-deficient mice is not possible.

IRF6 is known to regulate craniofacial development and epidermal proliferation (Ingraham 

et al., 2006; Biggs et al., 2012). Consequently, patients carrying IRF6 mutations exhibit cleft 

lip and palate (Kondo et al., 2002). In this study, we show that they also exhibit increased 

proliferation in the basal layer of their epidermis. Not only did our findings demonstrate the 

change in proliferation in cutaneous tissue but also in keratinocyte in culture. Particularly, 

we observed an increase in CFE in cells from a child with VWS when compared with cells 

from children with NSCLP. This is reminiscent of our findings with murine keratinocytes, 

which also showed an increase in CFE in Irf6-deficient keratinocytes when compared with 

wild-type cells (Biggs et al., 2014). Interestingly, the initial proliferation potential (as 

assessed by the CFE) was not very high in VWS keratinocytes, but increased over several 

subcultures. This is in contrast with cells from NSCLP that had their initial CFE high and 

then declined to the point that only one of seven cell lines were still proliferating after 10 

passages. We saw a similar phenomenon in murine keratinocytes, where wild-type and Irf6-

deficient keratinocytes proliferated at the same rate for the first few days, then Irf6-deficient 

cells showed increased proliferation when compared to control. These results not only 

support the overall function for IRF6 as a regulator of epithelial cell proliferation but also 

demonstrate that this effect is cell autonomous and conserved between humans and mice.

We did not perform a systematic analysis of markers of epidermal differentiation in our 

samples. However, we examined the expression of K10, P63, and IRF6 and did not detect 

ectopic expression of these proteins in samples from VWS when compared with NSCLP. 

Although immunofluorescence is not conductive to quantitative studies, it appears that the 

level of IRF6 was decreased in the epidermis of children with VWS when compared with 

samples from children with NSCLP. This would support a functional role for the IRF6 
mutations and is consistent with the notion that individuals with IRF6 mutations are 

haploinsufficient.

VWS is a rare syndrome with an estimated frequency of one in 30,000 live births (Dixon et 

al., 2011). At the University of Iowa, about two patients per year will undergo cleft repair 

surgery. It is well known that cellular proliferation is highly variable based on the age of the 

patient and the anatomical origin of the sample (Rheinwald and Green, 1975; Michel et al., 

1996). We realize that our study was performed with only one or two samples from children 

with VWS, but our control group had eight children that were matched for both age and 

anatomical site. We collected a few additional samples from children with VWS, but the age 

and anatomical origin of the sample was variable with no appropriate controls. Given these 

facts, we believe our results have scientific merit; to our knowledge, they are the first to 

evaluate keratinocyte behavior in children with VWS. It would be interesting to extend our 

findings to other discarded tissue from the site of the orofacial defect (collected during 

primary lip repair) as well as to use the cells to test for other previously described IRF6 

functions (such as wound healing or tumor suppression).
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FIGURE 1. 
The epidermis of children with Van der Woude syndrome (VWS) is thicker when compared 

with the epidermis of children with nonsyndromic cleft lip and palate (NSCLP). A, B, D: 

Hematoxylin and eosin staining of skin from the hips of children with NSCLP (A) or VWS 

(B, D). C: Thickness of the epidermis (NSCLP, n = 6; VWS, n = 2). ****P < .0001 after 

unpaired t test. Scale bar = 100 μm.
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FIGURE 2. 
Increased proliferation in the epidermis of Van der Woude syndrome (VWS) when compared 

with nonsyndromic cleft lip and palate (NSCLP). A, B: Immunodetection of Proliferating 

Cell Nuclear Antigen (green) and Keratin 10 (red) in cutaneous sections from children with 

NSCLP (A) or with VWS (B). (C, D) Immunodetection of Protein 63 (green) and Interferon 

Regulatory Factor 6 (red) in cutaneous sections from children with NSCLP (C) or with VWS 

(D). DAPI labels nuclear deoxyribonucleic acid (A, B). Scale bar = 50 μm.
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FIGURE 3. 
Increased long-term proliferative potential in keratinocytes from Van der Woude syndrome 

(VWS) when compared with nonsyndromic cleft lip and palate (NSCLP). A, B: Phase 

contrast micrographs of keratinocytes obtained from the skin of children with NSCLP (A) or 

VWS (B). C to E: Macrographs of colony forming efficiency (CFE) assay performed with 

keratinocytes from children with NSCLP (C) or VWS (D). E: Average of CFE over 10 

culture passages (solid square, NSCLP, n=7 at passage 1 [P1], n=6 at P2, n=5 at P5, n=1 at 

P10; open circle, VWS, n=1). Data are means ± SEM. Scale bar = 100 μm.
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TABLE 2

Percentage of Proliferating Cells in Epidermis From Children With NSCLP and VWS†

Patient-Clinical Phenotype Percentage of PCNA+ Cells‡ Average P*

1-VWS 12.87

2-VWS 10.23

Average VWS 11.55

3-NSCLP 5.89

4-NSCLP 4.44

5-NSCLP 5.56

6-NSCLP 5.19

7-NSCLP 3.96

8-NSCLP 8.62

9-NSCLP 2.5

Average NSCLP 5.16 .004

†
NSCLP = nonsyndromic cleft lip and palate; VWS = Van der Woude syndrome; PCNA = Proliferating Cell Nuclear Antigen.

‡
Data are means of two to four technical replicates.

*
P < .05 is considered significant after Student’s t test between the 2 groups.
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