
Molecular Biology of the Cell • 35:ar102, 1–12, July 1, 2024� 35:ar102, 1  

MBoC  |  ARTICLE

A novel noncanonical function for IRF6 in the 
recycling of E-cadherin

ABSTRACT  Interferon Regulatory Factor 6 (IRF6) is a transcription factor essential for kerati-
nocyte cell–cell adhesions. Previously, we found that recycling of E-cadherin was defective in 
the absence of IRF6, yet total E-cadherin levels were not altered, suggesting a previously 
unknown, nontranscriptional function for IRF6. IRF6 protein contains a DNA binding domain 
(DBD) and a protein binding domain (PBD). The transcriptional function of IRF6 depends on 
its DBD and PBD, however, whether the PBD is necessary for the interaction with cytoplasmic 
proteins has yet to be demonstrated. Here, we show that an intact PBD is required for recruit-
ment of cell–cell adhesion proteins at the plasma membrane, including the recycling of 
E-cadherin. Colocalizations and coimmunoprecipitations reveal that IRF6 forms a complex in 
recycling endosomes with Rab11, Myosin Vb, and E-cadherin, and that the PBD is required 
for this interaction. These data indicate that IRF6 is a novel effector of the endosomal recy-
cling of E-cadherin and demonstrate a non-transcriptional function for IRF6 in regulating 
cell–cell adhesions.

INTRODUCTION
Epithelial (E) tissues are highly dynamic structures lining the outer 
surface of the organism. Their main function is to protect the body 
from microorganisms, dehydration, physical injuries, and chemical 
insults (Madison, 2003). The structural integrity of epithelial tissues 
is maintained through cell–cell adhesions including desmosomes, 
tight junctions, and adherens junctions (AJ; Baum and Georgiou, 
2011; Rubsam et al., 2018; Antiguas et al., 2022b). Classical cadher-
ins are the structural core of AJ. In epithelia, the extracellular do-
main of epithelial (E)-cadherin engages in homodimeric interac-
tions with neighboring E-cadherins (Shapiro et  al., 1995). In the 
cytoplasm, the tail of E-cadherin interacts with members of the 
Armadillo family of proteins, including p120-catenin and β-catenin 
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(Shibamoto et  al., 1995; Oas et  al., 2013). The interaction with 
p120-catenin stabilizes E-cadherin at the cell membrane and pre-
vents its internalization, while its interaction with β-catenin medi-
ates the recruitment of α-catenin to bind the actin cytoskeleton 
(Davis et al., 2003; Yamada et al., 2005; Oas et al., 2013). AJ are 
highly dynamic structures and are constantly remodeled. Conse-
quently, E-cadherin goes through a continuous cycle of delivery to 
the plasma membrane, internalization, and recycling back to the 
plasma membrane (for review, see Kowalczyk and Nanes, 2012; 
Bruser and Bogdan, 2017). Most of the trafficking processes associ-
ated with E-cadherin turnover occur in the endosomal pathway (Le 
et al., 1999; Palacios et al., 2002; Paterson et al., 2003). The endo-
somal pathway consists of distinct membrane compartments, which 
internalize molecules from the plasma membrane and recycle them 
back to the surface (as in early endosomes and recycling endo-
somes), or sort them for degradation (as in late endosomes and ly-
sosomes; Grant and Donaldson, 2009). This balancing act between 
endocytic internalization and recycling controls the composition of 
the plasma membrane and contributes to diverse cellular pro-
cesses, including cell adhesion (Grant and Donaldson, 2009). The 
functional compartmentalization of this pathway is governed by 
Rab proteins. These are members of the Ras superfamily of small 
guanosine triphosphatases (GTPases). They are membrane proteins 
that insert into the cytoplasmic side of endosomal membranes 
through prenylations and mediate the recruitment of effector pro-
teins to specific compartments of the endosomal network (Jordens 
et al., 2005).

The trafficking of E-cadherin through the endosomal pathway 
requires tight spatial and temporal regulation by Rabs. In particular, 
the Rab11 subfamily of proteins has been shown to localize to the 
recycling endosomes where it mediates the recycling of endocy-
tosed E-cadherin back to the plasma membrane. It also localizes to 
the trans-Golgi network where it sorts newly synthesized E-cadherin 
to the plasma membrane (Woichansky et al., 2016). Furthermore, 
dominant negative forms of Rab11 lead to accumulation of E-cad-
herin in endosomal compartments and a subsequent reduction in 
plasma membrane localization (Hales et al., 2002). Rab11s are also 
critical for recruitment of Myosin Vb to the endosomal machinery 
(Hales et al., 2002). The class V myosins are motor proteins special-
ized in binding and transporting cargo using an ATP-dependent 
processive movement. Their globular tail domains bind cargo and 
interact with specific adaptor proteins that in turn bind organelle-
specific Rabs (Jacobs et al., 2009). Yet the molecular machinery gov-
erning recruitment of these proteins in the endosome to regulate 
E-cadherin trafficking in keratinocytes remains poorly understood.

Interferon Regulatory Factor (IRF) 6 belongs to a family of nine 
IRF transcription factors that are activated following viral infection 
(Zhao et al., 2015). They share a highly conserved helix-turn-helix 
DNA binding domain (DBD) and a less conserved protein binding 
domain (PBD) towards the N-terminus (Kondo et al., 2002). IRF6 spe-
cifically, is a 467 amino acid protein encoded by a 4.4 kb mRNA 
containing 10 exons, of which exons 1, 2, and 10 are noncoding, 
exons 3 and 4 encode the DBD (amino acids 13–113), and exons 7 
and 8 encode the PBD (amino acids 226-394; Little et  al., 2009). 
Additionally, exon 9, which encodes the N-terminus, contains serine 
residues essential to the function of IRF6, including the function of its 
PBD (Kwa et al., 2014; Parada-Sanchez et al., 2017; Oberbeck et al., 
2019). In humans, mutations in the IRF6 gene cause Van der Woude 
(VWS, OMIM 119300) and popliteal pterygium (PPS, OMIM 119500) 
syndromes (Kondo et  al., 2002), two syndromes characterized by 
cleft lip with or without cleft palate. Genetic variants in IRF6 are also 
associated with nonsyndromic cleft lip with or without cleft palate 

(Zucchero et al., 2004). In mice, Irf6 is required for proper skeletal, 
epidermal, and craniofacial development (Ingraham et  al., 2006; 
Richardson et al., 2006). Particularly, multiple murine alleles altering 
the function of Irf6 lead to the failure of terminal keratinocyte differ-
entiation, as evidenced by the absence of the granular and cornified 
layers of the epidermis. These murine models also show the absence 
of tight junction proteins (i.e., ZO1) and ectopic localization of AJ 
proteins, including E-cadherin, at the junctions between keratino-
cytes during early epidermal embryonic development (Richardson 
et al., 2014; Oberbeck et al., 2019). In vitro, Irf6 is also required for 
proper localization of E-cadherin at the plasma membrane of kerati-
nocytes (Antiguas et al., 2022a). Interestingly, it appears that IRF6 
does not transcriptionally regulate E-cadherin directly, as E-cadherin 
protein levels are unchanged between cells with or without Irf6. This 
led us to hypothesize that IRF6 may have additional, nontranscrip-
tional functions in regulating E-cadherin-mediated adhesions.

In the present study, we show that IRF6 participates in the recy-
cling of E-cadherin by forming a complex with Rab11A and Myosin 
Vb at the recycling endosome. We demonstrate that the PBD of 
IRF6 is required for this function, and not its DBD, identifying a 
novel, noncanonical mechanism for this transcription factor in cell–
cell adhesion dynamics.

RESULTS
The PBD of IRF6 is necessary and sufficient for proper 
localization of cell–cell adhesion proteins at the plasma 
membrane
We previously reported that protein levels of E-cadherin were de-
creased at the plasma membrane of keratinocytes with reduced 
levels of IRF6 (human IRF6 knockdown [shIRF6] and murine Irf6-
deficient keratinocytes [Irf6–/–]), but total cellular levels were not 
changed compared with wild-type or scrambled control keratino-
cytes (Antiguas et al., 2022a). To determine which domains of IRF6 
are required for proper E-cadherin localization at the plasma mem-
brane, we generated new keratinocyte cell lines. We engineered 
five different shRNA resistant IRF6 constructs (Figure 1A) and stably 
expressed them in our human IRF6 knockdown keratinocytes. All 
cell lines express the desired constructs at detectable levels 
(Figure 1B). The constructs were mainly localized in the cytoplasm 
in a punctated pattern (Supplemental Figure S1) consistent with our 
previous data showing IRF6 in the cytoplasm of keratinocytes 
(Biggs et al., 2012) and our current hypothesis that it localizes to 
endosomal compartments.

To determine the contribution of the respective IRF6 domains to 
the pattern of cell–cell adhesion proteins at the plasma membrane 
following calcium-induced formation of cell–cell adhesions, we per-
formed immunofluorescence on keratinocytes with the different IRF6 
constructs following high [Ca2+] treatment. We observed that scram-
ble (scr) IRF6 ( = control) keratinocytes showed continuous E-cad-
herin adhesion zippers between two adjacent cells, whereas shIRF6 
keratinocytes showed a discontinuous focal pattern of E-cadherin at 
the plasma membrane (Figure 1C). IRF6 knockdown keratinocyte 
lines expressing an IRF6 construct lacking the DBD or containing just 
the PBD, rescued a continuous pattern of E-cadherin at the plasma 
membrane between two adjacent cells, whereas those constructs 
lacking the PBD or containing just the DBD, failed to do so 
(Figure 1C). These data demonstrate that the IRF6 PBD is necessary 
for proper localization of E-cadherin at the plasma membrane. As 
cadherin-mediated AJ are known to facilitate the assembly of other 
cell–cell adhesions, we evaluated the pattern of ZO1 (tight junctions) 
and Desmoplakin (desmosomes) at the plasma membrane. Consis-
tent with our previously reported results (Antiguas et  al., 2022a), 



Volume 35  July 1, 2024� Noncanonical IRF6 in cell–cell adhesion  |  3 

shIRF6 keratinocytes showed a focal pattern of ZO1 and Desmopla-
kin at the cell membrane (Figure 1C). Similar to the pattern of E-
cadherin, shIRF6 keratinocytes expressing IRF6 constructs lacking 
the PBD failed to form continuous patterns of ZO1 and Desmoplakin 
proteins at the membrane, whereas constructs containing the PBD 
rescued the pattern to that of scrIRF6 keratinocytes (Figure 1C). 
These results suggest that the PBD of IRF6 is necessary and sufficient 
for proper localization of multiple cell–cell adhesion molecules at the 
plasma membrane (Figure 1D).

The PBD of IRF6 is necessary for proper recycling of 
E-cadherin to the plasma membrane
To further explore the function of the different IRF6 domains in the 
assembly of AJ, we performed fluorescence recovery after photo-
bleaching (FRAP) following transfection of E-cadherin-GFP in shIRF6 
keratinocytes expressing different IRF6 domains. Consistent with 
our previously reported data (Antiguas et al., 2022a), shIRF6 kerati-
nocytes show a significant delay in the recovery rate and maximum 
recovered levels of fluorescent E-cadherin at the plasma membrane 
compared with scrambled control keratinocytes (Figure 2, A and B). 
IRF6 knockdown keratinocytes expressing IRF6 constructs contain-

ing the PBD rescued the recovery rate of E-cadherin to levels even 
higher than those of scrIRF6 (Figure 2B). Interestingly, shIRF6 kerati-
nocytes expressing a construct containing just the DBD or one lack-
ing the PBD rescue recovery rates compared with scrIRF6 cells, yet 
did not accelerate recovery as effectively as the PBD-containing 
constructs (Figure 2, A and B), demonstrating the positive effect of 
the PBD for the recovery of fluorescent E-cadherin at the plasma 
membrane.

To further investigate the mechanism by which the PBD rescues 
the presence and pattern of E-cadherin at the plasma membrane, 
we performed a recycling assay in scrIRF6, shIRF6, and shIRF6 kera-
tinocytes expressing the different IRF6 domain constructs. In this 
assay, we followed the internalization and recycling of E-cadherin in 
keratinocytes by first assessing surface levels and pattern of E-cad-
herin at the membrane, then incubating the cells at the optimal tem-
perature for endocytosis, then recycling (Figure 2C). Following im-
munofluorescent staining for E-cadherin on cells fixed at the initial 
step of the assay (labels surface E-cadherin only) or after E-cadherin 
recycling (labels both surface and cytoplasmic E-cadherin), we found 
that shIRF6 keratinocytes did not recycle E-cadherin to the plasma 
membrane, as demonstrated by the focal fluorescent pattern in 

FIGURE 1:  The protein binding domain (PBD) of IRF6 is necessary and sufficient for proper localization of cell–cell 
adhesion proteins at the plasma membrane. (A) Schematic of the human IRF6 gene and IRF6 constructs. Top row: 
Human IRF6 has 10 exons (1–10) with exons 3 and 4 constituting the DNA binding domain (BD) (amino acid 13 to 113) 
and exons 7 and 8 constituting the Protein BD (amino acid 226 to 394). p.Arg84C and p.Arg412X indicate two IRF6 
human mutations present in keratinocytes from patients used in this study. Untranslated portions are in gray. Brackets 
connecting the exons represent spliced introns. Bottom rows represent the different IRF6 constructs (HA tagged) used 
in this study. (B) Validation of the IRF6 constructs. Proteins from keratinocytes with or without the different IRF6-HA 
constructs were extracted, immunoprecipitated (IP) with HA antibody and probed (immunoblotted, IB) for HA. Black 
arrowheads indicate the IRF6-HA expected band for each of the specific constructs. A separate immunoprecipitation 
with only control samples (scrIRF6 and shIRF6) is shown on the right. (C) Cell–cell adhesion assembly. 
Immunofluorescence staining for E-cadherin (top row), ZO1 (middle row) and Desmoplakin (bottom row) in the 
respective cell lines 6 h following high [Ca2+] treatment. Images are maximum projection of three to four single z-slices. 
Quantification of the intensity of the immunofluorescent signal is shown on the far right for the respective adhesion 
proteins and cell lines. Statistical significance is provided in Supplemental Figure 2. Scale bar = 25 µm. (D) Cartoon 
representing the cell–cell adhesion phenotype in the different keratinocyte lines.
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these cells (Figure 2D). However, shIRF6 keratinocytes expressing 
constructs containing the PBD rescued a continuous pattern of fluo-
rescent E-cadherin at the plasma membrane similar to controls 
(Figure 2D), while keratinocytes lacking the PBD or containing just 
the DBD failed to rescue E-cadherin recycling to the plasma mem-
brane (focal pattern, Figure 2D). Therefore, our results show that 
the PBD of IRF6 is necessary and sufficient for proper recycling of 
E-cadherin to the plasma membrane.

E-cadherin accumulates in the recycling endosomes of 
IRF6-deficient keratinocytes
The recycling of E-cadherin to the plasma membrane occurs through 
the recycling endosome, and the Rab11 family members of small 
GTPases are the main regulators of the recycling endosome identity 

and function (Grant and Donaldson, 2009). Therefore, in order to 
test the effect of IRF6 levels on the phenotypic characteristics of the 
endosomal compartment, we determined localization and levels of 
Rab11A in wild-type and Irf6-deficient keratinocytes. Following im-
munofluorescent staining, we found that Rab11A localized mostly to 
the perinuclear region of wild-type murine keratinocytes, in a vesicu-
lar pattern (Figure 3A). Rab11A was also detected in perinuclear 
vesicles of Irf6-deficient murine keratinocytes, however, the size of 
the vesicles and the fluorescence intensity of Rab11A were signifi-
cantly increased (Figure 3, B and C) compared with wild-type cells. 
Interestingly, we detected no change in the total protein levels of 
Rab11A between wild-type and Irf6-deficient keratinocytes (Figure 
3D), suggesting that a direct transcriptional function of IRF6 is not 
involved in this process.

FIGURE 2:  The PBD of IRF6 is necessary for proper recycling of E-cadherin at the plasma membrane. (A) Representative 
kymographs of individual fluorescence after photobleaching (FRAP) of the respective cell lines transfected with 
E-cadherin-GFP. The bleach point is denoted by the yellow asterisks. (B) FRAP recovery curves of the respective cell 
lines transfected with E-cadherin-GFP. * P < 0.05, ** P < 0.01, and *** P < 0.001 following Kruskal-Wallis test. (C and D) 
Pulse chase analysis of E-cadherin at the plasma membrane: (C) Cartoon of critical steps in the pulse-chase analysis of 
E-cadherin, first and last panels representing the top and bottom rows of panel D; (D) Representative images of 
separate coverslips stained with E-cadherin antibody at the beginning of the pulse-chase assay (top row, “membrane 
level”) and at the end of the recycling process (bottom row, “recycled”) in the respective cell lines. Scale bar = 10 µm.
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The large Rab11A-positive vesicles in Irf6-deficient keratinocytes 
are reminiscent of the large E-cadherin-positive vesicles we previ-
ously reported in these cells (Antiguas et al., 2022a). Therefore, we 
asked whether these large E-cadherin-positive vesicles were Rab11A 
positive, that is, recycling endosomes. Following dual immunofluo-
rescent staining for E-cadherin and Rab11A (Figure 3E), we found 
that in IRF6 knockdown keratinocytes, E-cadherin mainly colocal-

ized with Rab11A in large vesicles (Average Colocalization Pearson 
coefficient of 50 vesicles from 20 separate cells: R = 0.6982 in 
scrIRF6 and R = 0.6894 in shIRF6, not significant). Furthermore, the 
area and intensity of E-cadherin immunofluorescent signal in 
Rab11A-positive vesicles was significantly higher in shIRF6 com-
pared with scrIRF6 controls (Figure 3, F and G). Collectively, these 
data suggest that IRF6 prevents the accumulation of E-cadherin in 

FIGURE 3:  E-cadherin accumulates in the recycling endosomes of Irf6-deficient keratinocytes. (A) Immunofluorescence 
staining for Rab11A (green) in Irf6+/+ and Irf6–/– murine keratinocytes 6 h following high [Ca2+] treatment. Nuclear DNA 
is labeled with DAPI (blue). White arrows indicate large perinuclear recycling endosome vesicles. Scale bar = 25 µm. 
(B and C) Quantification of vesicle area (B) and intensity of fluorescence (C) in Irf6+/+ and Irf6–/– murine keratinocytes. 
**** P < 0.0001 following Mann-Whitney test. (D) Protein extracts from Irf6+/+ and Irf6–/– murine keratinocytes (left two 
panels) and scrIRF6 and shIRF6 human keratinocytes (right two panels) were probed (IB) for Rab11A and GAPDH 
(loading control). Quantification of Rab11A protein levels in the respective species of keratinocytes; ns after unpaired 
Student t test followed by Welsch’s correction. (E) Immunofluorescence staining for E-cadherin (red) and Rab11A (green) 
in scrIRF6 and shIRF6 6 h following high [Ca2+] treatment. Nuclear DNA is labeled with DAPI (blue). Areas in white boxes 
1 and 2 are presented enlarged on the right. White arrows indicate vesicles with both E-cadherin and Rab11A signals. 
Scale bars = 25 and 12.5 µm in enlarged area. All confocal images are maximum projection of three to four single 
z-slices. (F and G) Quantification of E-cadherin area (F) and intensity (G) of immunofluorescent signal in Rab11A-positive 
vesicles. * P < 0.05, **** P < 0.0001 following Mann-Whitney test.
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large recycling endosomes and/or reduces the time spent by 
E-cadherin in recycling vesicles.

IRF6 forms a complex with Rab11A to mediate E-cadherin 
recycling
To further understand how IRF6 regulates the recycling of E-cad-
herin through the endosomal pathway, we asked whether IRF6 
colocalizes with E-cadherin and Rab11A in cytoplasmic vesicles. 
Following immunofluorescent staining for IRF6 and Rab11A in mu-
rine keratinocytes, we found some colocalization of these two pro-
teins in perinuclear vesicles (Figure 4A), which we identify as recy-
cling endosomes in Figure 3A. Of note, the low level of IRF6 signal 
in Irf6-deficient keratinocytes is likely due to a non-IRF6 specific in-
teraction between the IRF6 antibody and proteins bound to Rab11A 
as evidenced by a faint band of Rab11A in Irf6–/– extracts immuno-
precipitated (IP) with that antibody (Supplemental Figure S3). We 
also show that IRF6 colocalizes with E-cadherin in cytoplasmic vesi-
cles (Figure 4A). Because of antibody incompatibility, we could not 
perform triple staining with E-cadherin, Rab11A and IRF6, yet these 
data suggest these three proteins localize in the same cytoplasmic 
organelles. To corroborate these visual observations, we performed 
coimmunoprecipitations followed by western blotting for proteins 
of interest. Our results show that IRF6 coimmunoprecipitates with 
Rab11A and E-cadherin in human keratinocytes (Figure 4B). Alto-
gether, these data demonstrate that Rab11A, E-cadherin, and IRF6 
form a complex in human keratinocytes.

To determine which IRF6 domain mediates the interaction be-
tween IRF6, E-cadherin, and Rab11A, we took advantage of our 
shIRF6 keratinocytes expressing different HA-tagged IRF6 domain 
constructs. We performed coimmunoprecipitation using an HA anti-
body, followed by immunoblotting against Rab11A or E-cadherin. 
Our results show that only keratinocytes expressing constructs con-
taining the PBD formed a complex with E-cadherin and Rab11A 
(Figure 4C), evidence that the interaction between IRF6, Rab11A, 
and E-cadherin occurs through the PBD. Collectively, these data al-
low us to conclude that IRF6 forms a complex with Rab11A (and 
likely with E-cadherin) in recycling endosomes, and that in the ab-
sence of IRF6, these vesicles accumulate E-cadherin around the 
nucleus.

Myosin Vb functions downstream of IRF6 to mediate proper 
E-cadherin localization at the plasma membrane
Vesicular trafficking within the cytoplasm depends on motor pro-
teins, including unconventional Myosins. Relevant to our study, 
Myosin Vb is required for the endosomal recycling of E-cadherin 
and is known to form direct and indirect interactions with Rab11 
(Hales et al., 2002; Lock and Stow, 2005; Woichansky et al., 2016). 
To determine the role of Myosin Vb in IRF6-dependent E-cadherin 
recycling, we first determined how IRF6 levels would affect levels 
and localization of Myosin Vb. Our data show that Myosin Vb is 
present in a vesicular pattern in the cytoplasm of scrIRF6 keratino-
cytes, and this pattern is not changed in cells with reduced levels of 
IRF6 (Figure 5A), nor are the overall Myosin Vb protein levels in hu-
man and murine keratinocytes (Figure 5B). To formally test whether 
IRF6 and Myosin Vb are part of the same protein complex, we co-IP 
both proteins. We found Myosin Vb and IRF6 together in the same 
protein complex (Figure 5C). We also show that Myosin Vb and 
Rab11A co-IP in human keratinocytes, an interaction previously re-
ported in other cell types (Hales et al., 2002). Based on the known 
function of Myosin Vb and our current E-cadherin phenotype, we 
hypothesized that Myosin Vb functions downstream of IRF6 to regu-
late E-cadherin recycling. The globular tail of Myosin Vb shares 

100% homology with the Myosin Vc globular tail, the domain re-
quired for binding to effector proteins and organelles (Rodriguez 
and Cheney, 2002). Myosin Vc-GFP being the only construct com-
mercially available, we overexpressed Myosin Vc in scramble control 
(scrIRF6) and shIRF6 keratinocytes to test our hypothesis. Following 
transfection of these cells with a Myosin Vc-GFP or GFP control vec-
tor, we detected GFP in a punctated cytoplasmic pattern, similar to 
the immunofluorescent pattern observed for Myosin Vb, displaying 
the similarity in localization of the two Myosin isoforms. To further 
investigate the role of Myosin Vb/c in E-cadherin recycling in the 
context of IRF6, we investigated the pattern of E-cadherin subcel-
lular localization in Myosin Vc-GFP transfected cells. We observed 
E-cadherin in a continuous pattern at the plasma membrane in both 
scrIRF6 and shIRF6 Myosin Vc-GFP transfected cells (Figure 5D), 
suggesting that overexpressing Myosin Vc in keratinocytes rescued 
the IRF6-dependent E-cadherin defect at the plasma membrane. 
Collectively, these data support a model in which Myosin Vb, 
Rab11A, and IRF6 are part of the same protein complex with Myosin 
V being required downstream of IRF6 to promote the recycling of 
E-cadherin at the plasma membrane.

Patient mutations in the IRF6 C-terminus, but not in the 
DBD, affect E-cadherin pattern at the plasma membrane
Over 100 disease-causing mutations in the IRF6 gene have been 
identified in families with Van der Woude syndrome (VWS) and pop-
liteal pterygium syndrome (PPS; Kondo et al., 2002). Most mutations 
identified in individuals with PPS are missense variants localized to 
exon 4, including the most frequent p.Arg84C mutation affecting 
the direct binding of IRF6 to DNA, leading to a presumably domi-
nant negative mechanism of action (Little et al., 2009). On the other 
hand, mutations causing VWS are more evenly divided between 
missense and truncation mutations and distributed throughout the 
gene, suggesting that haploinsufficiency is the likely mechanism un-
derlying VWS (de Lima et al., 2009). These two syndromes are al-
lelic, autosomal dominant disorders. To test whether our findings 
regarding the regulation of E-cadherin by the IRF6 PBD had clinical 
relevance, we isolated keratinocytes from one individual with VWS 
with a truncation mutation p.Arg412X (affecting the serine-rich re-
gion important for the PBD function) and from one individual with 
PPS with the missense mutation p.Arg84C in the DBD. As expected, 
in keratinocytes from an individual with isolated orofacial cleft and 
no mutation in IRF6 ( = control), we observed E-cadherin at the 
plasma membrane in a continuous pattern (Figure 6A, left panel). A 
similar pattern of E-cadherin expression was also observed in kerati-
nocytes from the invidual with PPS (Figure 6A, middle panel). In 
contrast, E-cadherin was in a discontinuous focal pattern in keratino-
cytes from the individual with VWS, reminiscent of the pattern ob-
served in our keratinocytes lacking the PBD (Figure 6A, right panel). 
Collectively, these results support our model that the IRF6 PBD is 
required for proper E-cadherin recycling to the plasma membrane in 
human keratinocytes from individual with IRF6 mutations.

DISCUSSION
Much attention has been paid to the function of IRF6 as a transcrip-
tion factor. However, we and others have reported that IRF6 is also 
detected in the cytoplasm of keratinocytes (Little et al., 2009; Biggs 
et al., 2012; Kousa and Schutte, 2016), suggesting that it may have 
additional nontranscriptional function(s). Our study uncovered a 
novel role for IRF6 as a regulator of keratinocyte biology through its 
interactions with effector proteins. By formally testing the role of the 
different IRF6 domains in the formation of cell–cell adhesions, we 
demonstrated that the IRF6 PBD is necessary and sufficient for 
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E-cadherin endosomal recycling, whereas the DBD was not required 
for this process. These findings were extended to cells obtained 
from individuals with heterozygous mutations in the DBD or muta-
tions truncating the C-terminal PBD. Although there is no known 
cutaneous disease associated with IRF6 mutations, individuals with 

IRF6 mutations have increased risk for wound healing complications 
following surgical repair of their orofacial clefting. As the remodel-
ing of cell–cell adhesions is required for wound healing, one may 
speculate these findings are relevant to clinical outcomes of tissue 
repair.

FIGURE 4:  IRF6 PBD is required for IRF6 to form a complex with Rab11A. (A) Immunofluorescence dual staining for 
Rab11A (green) and IRF6 (red) or E-cadherin (green) and IRF6 (red) in Irf6+/+ and Irf6–/– murine keratinocytes 6 h following 
high [Ca2+] treatment. Nuclear DNA is labeled with DAPI (blue). Single channel images are presented on the side. Yellow 
arrows emphasize localization of Rab11A or E-cadherin with IRF6 in Irf6+/+ keratinocytes; in Irf6–/– keratinocytes, yellow 
arrows point to Rab11A or E-cadherin positive vesicles. Images are maximum projection of three to four single z-slices. 
Scale bars = 10 µm. (B) Total protein extracts of scrIRF6 treated with high [Ca2+] for 24 h were IP with IRF6, Rab11A, or 
an IgG control and probed for E-cadherin, IRF6, Rab11A, and GAPDH. Whole cell lysates (WCL) were used as input 
control. (C) Total protein extracts of the respective cell lines treated with high [Ca2+] for 24 h were IP with HA (HA-IP) 
and probed for E-cadherin, Rab11A, and GAPDH. WCL were used as input control. Asterisks denote nonspecific band 
of the antibody. HA levels for these extracts are shown in Figure 1B.
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IRF6 was previously shown to interact with NME1/NME2 (Parada-
Sanchez et al., 2017) and Maspin (Bailey et al., 2005) through its 
PBD. We performed coimmunoprecipitation between IRF6 and 
NME2 but did not confirm these previous findings (unpublished 
data). Studies with NME1/2 and Maspin were done in HEK293T and 
primary mammary and breast cancer cell lines, respectively, sug-
gesting that IRF6 may form complexes with different partners in dif-
ferent cell types. The fact that IRF6 may have a nontranscriptional 
function expands its roles beyond those of a transcription factor, and 
adds to a short list of transcription factors with noncanonical func-
tions. The best-known is probably β-catenin. Following WNT activa-
tion, β-catenin acts as a transcription factor and translocates to the 
nucleus to promote transcription of genes regulating proliferation 
and differentiation (Polakis, 2001). At the plasma membrane, how-
ever, β-catenin mediates the link between E-cadherin and the actin 
cytoskeleton through the molecular switch α-catenin to regulate 
cell–cell adhesions (Ratheesh and Yap, 2012). More recently, a cyto-

plasmic function for another transcription factor, GRHL3, was identi-
fied in regulating membrane-associated polarity genes (VANGL2, 
CELSR1) allowing changes in epithelial cell shape during epidermal 
differentiation (Kimura-Yoshida et al., 2018). This is potentially sig-
nificant as GRHL3 and IRF6 are in the same genetic pathway, both 
cause VWS, and are both required for epidermal differentiation (Yu 
et al., 2006; Peyrard-Janvid et al., 2014). The novel nontranscrip-
tional function of IRF6 identified in this study demonstrates an effect 
on E-cadherin-mediated adhesion and we suspect it may include 
the regulation of additional proteins. It would be interesting to de-
termine whether IRF6 also regulates polarity genes at the plasma 
membrane, further establishing parallels between GRHL3 and IRF6.

Our data show that in the absence of IRF6, E-cadherin is re-
duced at the plasma membrane and accumulates in Rab11-positive 
endosomes. Multiple groups have shown that Rab11s are required 
for the recycling of proteins to the plasma membrane, including 
E-cadherin, and that absence of Rab11 leads to accumulation of 

FIGURE 5:  Myosin V rescues the IRF6-dependent E-cadherin pattern at the plasma membrane. (A) Immunofluorescence 
staining for Myosin Vb (green) in scrIRF6 and shIRF6 human keratinocytes 6 h following high [Ca2+] treatment. Nuclear 
DNA is labeled with DAPI (blue). (B) Protein extracts from Irf6+/+ and Irf6–/– murine keratinocytes (top panels) and scrIRF6 
and shIRF6 human keratinocytes (bottom panels) were probed for Myosin Vb (MyoVb) and GAPDH (loading control). 
Each western blot shows two biological replicates. Quantification of Myosin Vb protein in the respective species of 
keratinocytes; ns after unpaired Student t test following Welsch’s correction. (C) Total protein extracts from scrIRF6 
treated with high [Ca2+] for 24 h were IP with IRF6, Rab11A, Myosin Vb, or an IgG control and probed for Myosin Vb, 
IRF6, Rab11A, and GAPDH. WCL were used as input control. The western blotting panel for IRF6 in IP samples is the 
results of the same gel at two different exposures (shorter for IRF6, longer for Rab11A and Myosin Vb). (D) GFP (green) 
and immunofluorescent staining for E-cadherin (red) in scrIRF6 and shIRF6 human keratinocytes transfected with GFP 
control (GFP) or Myosin Vc-GFP (MyoVc) plasmid 6 h following high [Ca2+] treatment. Because of the wide range of 
transfection efficiency resulting in large differences in GFP protein levels, only the cells with the highest level of GFP 
appear green from the green fluorescent protein (GFP). Nuclear DNA is labeled with DAPI (blue). White arrows 
emphasize linear E-cadherin pattern at the membrane in shIRF6 keratinocytes transfected with MyoVc. Scale bars = 
25 µm. All confocal images are maximum projection of three to four single z-slices.
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E-cadherin in endosomal vesicles (Lock and Stow, 2005; Yan et al., 
2016; Campa et al., 2018). Absence of other proteins that partici-
pate in recycling endosomal function such as Nostrin, Nexin 11, 
and Myosin V also lead to endosomal accumulation of E-cadherin 
(Bryant et al., 2007; Solis et al., 2013; Zobel et al., 2015). Our results 
add IRF6 to this list of regulators of E-cadherin-mediated recycling 
by forming a complex with Rab11. Although a previous interac-
tome analysis with Rab11 (Laflamme et  al., 2017; Wilson et  al., 
2023) has failed to detect IRF6 as a Rab11 binding partner, those 
studies were performed with cells that typically do not express 
IRF6, providing a rationale for the discrepancies between those 
studies and the current one. Also, the IRF6 protein complex we 
defined in keratinocytes does not distinguish between direct and 
indirect interactions between IRF6 and effector proteins. In addi-
tion, it would be interesting to determine whether the recycling of 
other Rab11 cargoes were affected as a result of altered IRF6 ex-
pression. Although purely speculative, we presume that IRF6 has a 
global effect on recycling of all Rab11-positive cargoes as these 
vesicles have already been sorted into the recycling endosome 
pathway. This would include epidermal growth factor receptor, 
which has been shown to traffic with E-cadherin (Ramirez Moreno 
and Bulgakova, 2021). However, it would likely not affect rapid re-
cycling or the endolysosomal pathway, as these vesicles express 
different Rabs (Naslavsky and Caplan, 2018). Additional experi-
ments testing direct interactions between IRF6 and new protein 
partners along with the recycling of these other proteins would fur-
ther define this noncanonical IRF6 function.

Our current models for the IRF6-dependent regulation of E-cad-
herin does not discard a transcriptional function for IRF6, but instead 
adds a novel cytoplasmic function to IRF6 forming a complex with 
Rab11 to mediate E-cadherin recycling. Previous work in cultured 
keratinocytes showed that transcript levels of some members of the 
Rab11 family of small GTPases were significantly decreased in IRF6 
knockdown keratinocytes (Botti et al., 2011). Using chromatin im-
munoprecipitation, these same studies showed that Rab11 and its 
family members were not direct transcriptional targets of IRF6, sug-
gesting that the regulation of Rab11 would be downstream of the 
IRF6 gene regulatory network. Combined with our current work, 
these results lead to a speculative model where epithelial cells 
evolved two IRF6-dependent mechanisms for the regulation of E-
cadherin recycling, underlining the importance of a tight spatial-
temporal regulation of cell–cell adhesion remodeling during devel-
opment and tissue homeostasis.

While IRF6 has been notoriously detected predominantly in the 
cytoplasm, despite being defined as a transcription factor (Little 
et al., 2009; Biggs et al., 2012; Kousa and Schutte, 2016), its associa-
tion with cellular trafficking was more surprising. Yet, a thorough re-
view of the function of other IRF family members revealed that many 
IRFs also localize to the endosomal compartments. For example, 
IRF3 colocalizes with its activator TLR4 in the recycling endosome of 
monocytes, and is recruited to this particular compartment by 
Rab11A for its activation (Husebye et al., 2010). This ultimately leads 
to the induction of the interferon pathway and the activation of the 
innate immune response required to fight viral and bacterial insults. 

FIGURE 6:  Patient mutations in the PBD, and not in the DBD, impair E-cadherin at the plasma membrane. 
(A) Keratinocytes from patients with isolated orofacial cleft and no IRF6 mutation (IRF6+/+), PPS and p.Arg84C missense 
mutation (IRF6R84C/+), and VWS and p.Arg412X truncation mutation (IRF6R412X/+) were immunostained for E-cadherin (red) 
following high [Ca2+] for 24 h. Nuclear DNA is labeled with DAPI (blue). Scale bar = 25 µm. All confocal images are 
maximum projection of three to four single z-slices. (B) Model illustrating the consequence of absence of IRF6 on 
E-cadherin turnover.



10  |  A. Antiguas and M. Dunnwald� Molecular Biology of the Cell

Interestingly, IRF6 is also activated by TLR4 in monocytes and pre-
vents the upregulation of pro-inflammatory cytokines, resulting in 
protection against endotoxic shock (Joly et al., 2016). In oral kerati-
nocytes, it mediates the TLR2 response in a MyD88-IRAK1-depen-
dent pathway (Kwa et al., 2014) and protects keratinocytes against 
porphyromonas gingivalis (Huynh et al., 2017). As keratinocytes are 
the first line of defense against the microenvironment and cell–cell 
adhesions contribute to this function, we speculate that IRF6 local-
ization to recycling endosomes contributes to the fine tuning of en-
dosomal trafficking, including TLR responses.

Our study also identified Myosin Vb as part of a protein complex 
with IRF6. Myosin Vb is known to be recruited to recycling endo-
somes by Rab11 (Hales et al., 2002) where it promotes the traffick-
ing of E-cadherin-loaded vesicles to the plasma membrane. Direct 
interaction between Myosin Vb and Rab11 is required for the proper 
function of the recycling endosome in a large variety of cell types 
and tissues, and our data now add keratinocytes to this list. Addi-
tional evidence suggests that Myosin V and Rab11 may also indi-
rectly interact (Pinar et al., 2022), suggesting that these forms of in-
teractions may provide extra layers of tissue-specific regulation to 
the recycling process. Based on the current knowledge of the struc-
ture and function of IRF6 and the fact that it contains only a single 
region that can engage in one protein–protein interaction at a time, 
it is unlikely that IRF6 acts as a scaffolding protein. Thus, the function 
of IRF6 in protein complexes at the recycling endosome remains to 
be defined. We speculate it could fine-tune, in a keratinocyte-spe-
cific manner, the trafficking of E-cadherin back to the plasma mem-
brane, potentially by bringing Myosin Vb to the budding endosome 
(Figure 6B). As such, it could contribute to the exit of E-cadherin 
from the endosomal vesicles to reach the plasma membrane. Inter-
estingly, Myosin Vb defective cells show accumulation of E-cadherin 
in recycling endosomes (Tanasic et  al., 2022) consistent with the 
phenotype observed in Irf6-deficient keratinocytes, suggesting a 
potential shared pathway for these proteins.

In conclusion, our work demonstrates that the IRF6 PBD is re-
quired for promoting cell–cell adhesions. These results challenge 
the canonical view of IRF6 solely as a transcription factor in kerati-
nocyte biology and expands its role to a mediator of effector pro-
teins involved in recycling endosome trafficking. These results are 
also clinically significant as mutations in the DNA and PBDs lead to 
different clefting phenotypes, providing us with a deeper knowl-
edge of the functional consequences of specific IRF6 mutations in 
humans.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Mice
Mouse husbandry was consistent with the Animal Care and Use Re-
view Form at the University of Iowa. Irf6 heterozygous mice were 
bred to obtain Irf6–/– embryos. Genotyping for the mutant allele was 
performed as previously described (Ingraham et  al., 2006; Biggs 
et al., 2012). The presence of a copulatory plug was designated as 
embryonic day (e) 0.5.

Keratinocyte culture and cell line generation
Primary keratinocytes were extracted from e17.5 murine epidermis 
as previously described (Biggs et al., 2012) and grown in N-medium 
(Hager et al., 1999) and referred to as Irf6+/+ and Irf6–/– for wild-type 
and Irf6-deficient groups, respectively. Human keratinocyte cell 
lines were grown and maintained in keratinocyte serum-free medium 
(KSFM, Life Technologies In Vitrogen, Waltham, MA). Assembling of 

cell–cell adhesion proteins was induced by the addition of 1.5 mM 
CaCl2 to N-Medium or KSFM for 6 or 24 h (referred thereafter to 
high [Ca2+]).

Previously reported human foreskin keratinocyte cell lines 
knockdown for IRF6, referred to shIRF6 thereafter (Antiguas et al., 
2022a), were used to stably express IRF6 constructs. All the con-
structs were HA tagged at their N-terminal region and were resis-
tant to the endogenously expressed shIRF6. For this, the wild-type 
open reading frame of the IRF6 gene was used to generate point 
mutations in the codon sequence recognized by the shIRF6. 
Mutations did not change the amino acid encoded by the codon. 
The human IRF6 sequence from Uniprot was used as the template 
to design the IRF6 constructs, and the sequences were engineered 
into the VB210615-1227tuq vector from VectoBuilder, containing a 
hygromycin resistance gene and a CMV promoter. The vector was 
packed into lentivirus and cells were transduced with the concen-
trated virus and selected with hygromycin at 50 μg/ml. Schematic 
of the different constructs and subsequent nomenclature are pre-
sented in Figure 1A.

Discarded skin from the lip of individuals with cleft lip and palate 
was collected following lip surgical repair. Informed consent for 
each child was obtained according to approved institutional review 
board protocols from the University of Iowa. Skin samples were in-
cubated in thermolysin 0.5 mg/ml overnight at 4°C as previously 
reported (Germain et al., 1993). The following day the epidermis 
was peeled and incubated in 0.25% Trypsin-EDTA for 30 min at 4°C. 
Single-cell suspension was plated in coculture with irradiated 3T3 
cells in DMEM-HAMF12 medium following the protocol of Rhein-
wald and Green (Rheinwald and Green, 1975). Immortalization was 
achieved by transfecting keratinocytes with E6/E7 HPV16 proteins 
using polybrene as previously reported (Darbro et al., 2006) leading 
to the patient-derived keratinocyte cell lines (details in Supplemen-
tal Table S2).

Transfection and FRAP
E-cadherin-GFP (Addgene plasmid # 677937, Watertown, MA [Truffi 
et al., 2014]) or EGFP-MYO5C (Addgene plasmid #135404, [Jacobs 
et  al., 2009]) was transfected in human and murine keratinocytes 
using lipofectamine 3000 (Thermo Fisher, Waltham, MA) as de-
scribed by the seller. FRAP was performed as previously described 
(Antiguas et al., 2022a).

E-cadherin pulse chase
After reaching confluency, keratinocytes were switched to high 
[Ca2+] medium for 24 h. E-cadherin was labeled with an antibody 
against anti-E-cadherin (BD Biosciences #610181) for 30 min at 4°C, 
washed with ice-cold phosphate-buffered saline (PBS), and incu-
bated for another 30 min with secondary fluorescent antibody 
(Antiguas et al., 2022a). Endocytosis of E-cadherin was induced by 
incubating cells at 37°C for 30 min. After internalization, the remain-
ing labeled E-cadherin at the plasma membrane was removed by 
treating cells with low pH buffer (100 mM glycine, 20 mM magne-
sium acetate, 50 mM KCl, pH 2.2). A final incubation at 37°C was 
performed to facilitate the recycling of endocytosed E-cadherin. 
Samples at each step of the assay were fixed in 4% paraformalde-
hyde, and immunostained for E-cadherin for microscopic analysis as 
described below.

Immunofluorescence and confocal imaging
Human and murine keratinocytes were cultured on untreated or 
collagen IV-coated glass coverslips, respectively. Cell–cell adhe-
sions were induced by the addition of 1.5 mM Ca2+ for 6 or 24 h. 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e23-11-0430
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Keratinocytes were fixed with 4% paraformaldehyde for 10 min at 
room temperature and permeabilized with 0.2% Triton X-100 for 
2 min. Keratinocytes were then incubated in 3% goat serum (Vector 
Laboratories, Burlingame, CA) in 2% PBS-bovine serum albumin 
(BSA) for 30 min to block nonspecific binding, followed by incuba-
tion in primary and secondary fluorescent antibodies 1 h at room 
temperature or overnight at 4°C (Supplemental Table S2). Following 
PBS washes, coverslips were dried and mounted on a microscope 
slide using Prolong antifade mounting medium containing DAPI 
(Thermo Fisher Scientific, Waltham, MA) and let cured for 24 h at 
room temperature in the dark. Images were collected with Zeiss 880 
or 980 confocal microscopes using the ZEN software (Zeiss, 
Oberkochen, Germany). Confocal images were processed using Fiji 
software (Schindelin et al., 2012). Quantification of intensity and area 
of immunofluorescent signals were performed using Fiji software.

Immunoprecipitation
After reaching confluency, cells were switched to high [Ca2+] medium 
for 24 h. Cells were scraped in lysis buffer (1% Triton X-100; 10 mM 
Tris-HCl, pH 7.4; 5 mM EDTA; 50 mM NaCl; 50 mM NaF) supple-
mented with protease inhibitors (Sigma). Cellular extracts were incu-
bated overnight at 4°C with antibodies (5 μg/µl) specific to the pro-
tein of interest. The protein-antibody complex was then precipitated 
following incubation with protein A/G Sepharose beads for 1 h at 
4°C. Beads were washed multiple times with lysis buffer and pro-
teins eluted by boiling the beads in Laemli buffer.

Western blot
Confluent keratinocytes in high [Ca2+] for 24 h were scraped in 
extraction buffers (1% Tx-100; 10 mM Tris-HCl, pH 7.4; 5 mM EDTA; 
50 mM NaCl; 50 mM NaF). Electrophoresis was performed using 
10% Bis-Tris SDS–PAGE gels under denaturing conditions. Samples 
for western blotting were transferred onto PVDF membranes 
(BioRad Laboratories, Hercules, CA) overnight. Membranes were 
blocked in 10% nonfat dried milk and incubated with primary anti-
bodies, followed by horseradish peroxidase-conjugated secondary 
IgG antibodies. Proteins were visualized and levels quantified with 
the enhanced chemiluminescent detection system (Thermo Fisher 
Scientific) using the Amersham imager 600 series (GE Health).

Statistics
Data are presented as the means and standard deviations of at least 
three biological replicates. Statistical analysis was performed using 
appropriate tests for each study, as indicated in the figure legends.
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